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Separation of oil and water plays an important role in oil production and other indus-
tries. Separation efficiency is a key factor for oil and gas production equipment, such
as compressors and water treatment equipment. Thus, the improvement of oil / wa-
ter separation efficiency is a task of increasing importance for the industry, especially
manufacturers of separation equipment.
This thesis analyzes the separation of oil from an oil / water mixture and, in
particular, the coalescence of oil droplets formed during separation by using a combi-
nation of experimental and numerical modeling methods. A gravity-based separator
is designed and built to conduct optimization experiments on a continuous oil/wa-
ter separation process. Another laboratory-scale experimental setup is developed to
investigate and optimize a batch separation process.
Two-dimensional Computational Fluid Dynamics (CFD) models are developed
using the Fluent Software package with the same geometric profiles of the two ex-
perimental models to investigate further the effects of a broader range of operating
conditions on the separation process systematically. In addition, two other available
software packages, OpenFoam and Flow-3D, are explored to model the oil / water sep-
aration process for the Base Case. The results show that they were not as accurate
as Fluent but much faster.
A new semi - analytical model is developed to predict liquid / liquid separation
ii
dynamics with a focus on water / oil mixtures. The model employs a force balance
on the droplets to predict the rising velocity of the oil phase. The effect of droplet
coalescence on the droplet’s rising velocity is investigated, and a new correlation is
developed that predicts the coalescence rate based on the oil / water fraction, and
the initial droplet diameter. Numerical simulations of a batch oil / water separation
process are conducted to develop the droplet coalescence. An equivalent experiment
is conducted, and the experimental results are found to agree well with the numerical
predictions (relative error of 13.39 %). The proposed semi-analytical model can pre-
dict the rate of separation with a relative error of 6.35 % compared to full numerical
predictions. The analytical model provides an alternative technique to predict the
separation of liquid / liquid mixtures at a much lower computational cost, useful for
initial design or analysis of separation scenarios.
Finally, a new geometric design correlation is developed using a non-dimensional
analysis method. A parametric study of numerical predictions conducted with CFD
Fluent is employed to investigate several critical variables that affect the separator
design. Additionally, a series of simulations are conducted to validate the correlation
model by changing the value of dimensionless groups. The correlation results show
that increasing the Reynolds and Euler numbers require a separator with a longer
length to height ratio to achieve the same separation efficiency. However, an increase
in the Weber number requires a separator with a smaller length to height ratio.
iii
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Liquid / liquid separation for different density liquids is an important process in
the petroleum, pharmaceuticals, and environmental protection industries. In recent
years, with the development of subsea processing equipment, the petroleum industry
has become more interested in subsea reservoirs [1–7]. Subsea equipment can include
separators, pumps, and long-distance pipe lines [1]. As subsea separation requires
moving to higher pressure applications, a requirement for the development of more
advanced separation technologies that can provide enhanced performance with im-
proved compactness and reduced costs while operating at higher subsea pressures is
becoming more important. Terje et al. [2] provides detailed information about subsea
oil production, water removal strategies, existing problems, marine operations, and
safety concerns regarding an oil / water subsea separator installed offshore Brazil.
This station is 29 m long, 10.8 m wide, 8.4 m high, and has an overall weight around
394 tonnes [3].
In recent years the advancement of the petroleum industry into deeper water and
1
harsher environments requires more effective and productive separators. Considering
safety and financial costs, the performance prediction of these separators under the
subsea operation conditions is a highly significant part of the design process.
Based on the literature review conducted as part of this study, there is room
remaining to improve the design and efficiency of these subsea separation systems.
This can be accomplished with the use of numerical modeling, provided that such
models can be validated by reference to experimental work, or in some cases, other
numerical models.
Oil and water multiphase flow separation technologies have been widely studied
for many decades. The fundamental operating principle for oil / water separation
is based on the density difference. Andrew [8] summarizes gravity separation meth-
ods as follows: jigs, pitched sluices, spirals, shaking tables, fine particle separators,
and sizing. Most separators are designed based on the idea of a droplet force imbal-
ance to separate oil from water. Therefore, the separation process is relatively slow
and inefficient. Tremendous efforts have been made to improve the performance of
separators, ranging from internal structure design improvement to optimization of op-
erating conditions. Based on current technology, gravity-based oil / water separators
fall into two categories: horizontal separators and vertical separators. Each type of
them has advantages and weaknesses. Horizontal separators perform at high process-
ing capabilities rates, but the separators occupy large spaces. Conversely, vertical
separators require little plot space, and can be more easily transported and installed
than horizontal separators; however, they have relatively small capacities compared
to horizontal separators [9].
A better understanding leads to the ability to model the internal processes and
improve separation efficiency or optimize separator design. With the development of
modern technology, using computer-aided tools to predict and simulate the separation
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process is potentially very beneficial. Computational fluid dynamic (CFD) simulation
method is widely used to investigate the oil / water separation process and the separa-
tor design. Due to the complexity combined with the non-linear and time-dependent
nature of oil / water separation, it is a general challenging to analytically solve this
class of problems. However, analytical models can offer a relatively quick insight into
separation processes, or separator design, at the early stages of design or evaluation.
Although significant computational separator research has been conducted in the last
six decades, there are still relatively few published papers in which analytical models
have been developed to cover the oil / water separation process.
1.2 Scope and Objective
In the petroleum industry, due to the shape dependency of separator technology on
the economic performance and separation efficiency, current problems require stud-
ies and analyses oriented specifically to the geometries used in that industry for oil
/ water separation processes. Due to the wide use of gravity-based separators, this
study focuses on those oil / water separation processes. The study aims to improve
numerical models and to develop analytical models by combining them with the ex-
perimental method. The CFD simulation method, semi - analytical modeling method,
and dimensional analysis method are used in this study.
The overall research objective of the work is to explore methods of numerical and
analytical modeling that can be applied to separators to better understand the liquid
/ liquid separation dynamics.
The sub tasks to achieve this overall objective are:
1. Develop high level semi-analytical models of droplet coalescence to guide sepa-
rator design.
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2. Develop simple physical models that can be applied at normal pressures and
temperatures in order to validate or calibrate the analytical and numerical mod-
els.
3. Analyze and compare results using a non-dimensional framework to determine
general guidelines for the effects of the operational parameters on separator
dimensions and operations.
1.3 Methodology
In this study, three basic methodologies, analytical, simulation, and experimental
methods are used. The combinations between each methodology are presented in
Figure 1.1. Analytical models are first developed to aid in separator design. Then
a laboratory-scale separator is designed based on the analytical models. CFD mod-
els for separators are developed and validated based on the lab-scale experimental
results. These CFD models are then used to model a wider range of operating pa-
rameters. Results from the comparison between CFD and experimental models are
presented and discussed. Next, a correlation is developed using dimensional analysis
that provides insight into the effect of various operating parameters on the required
design dimensions of separators. Finally, conclusions, contributions, and suggestions
for future work are presented.
1.4 Outline of the thesis
The thesis is organized in nine chapters as follows:
• Chapter 2 presents a review of previous studies of oil / water separation and
separators. The literature review is focused on three research methods: experi-
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Figure 1.1: Methodology flowchart
mental methods, CFD simulation methods, and analytical methods.
• Chapter 3 develops an improved analytical model for separator design and
oil / water interface tracking. Oil droplet rising velocity theory and droplet
coalescence theory are also discussed in this chapter.
• Chapter 4 presents the development of laboratory-scale separators for batch
separation and continuous separation. For continuous separation, an industry-
scale horizontal separator is designed. In addition, an uncertainty analysis for
both experimental studies is presented in this chapter.
• Chapter 5 presents the development of numerical simulation studies. ANSYS
Fluent, Flow-3D, and OpenFOAM simulation geometries and formulations are
presented in this chapter. Also, a mesh independence study and the rationale
for the model selection of Fluent are also discussed in this chapter.
• Chapter 6 develops and discusses a semi-analytical model for droplet coales-
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cence. The coalescence model is developed based on the binary coalescence
process. In addition, an algorithm developed for interface tracking of the oil /
water interface.
• Chapter 7 presents the numerical work to model the oil / water separation
process for the various operating conditions used during the experimental trials
to validate the numerical simulation model.
• Chapter 8 shows the correlation developed based on dimensional analysis to
calculate the oil / water separation processes, which can be used to guide sepa-
rator designs.
• Chapter 9 presents conclusions and contributions of the thesis work and sug-




2.1 Multiphase Separation Background
The separation of immiscible liquids by using gravity is a physical process that is
common in the chemical and petroleum industries [10–13]. Oil / water separation
has been studied both experimentally and theoretically by numerous investigators
in the past few decades. Two-phase oil / water separators are important in the oil
extraction industry to separate water from the produced oil. The separation efficiency
directly affects the performance of downstream oil processing equipment. Therefore,
various studies focus on this critical area using experimental, numerical, and analytical
methods. This chapter reviews the important literature on experimental, numerical,
and analytical methods for multiphase separators to reflect the current state of the
art and address recent findings.
2.2 Gravity Based Separators
Gravity separators are designed to separate immiscible phases with different densities.
There are a number of parameters that affect the performance of a separator, such as
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Figure 2.1: Schematic of the Gravity Horizontal Separator
the separator dimensions, number, type, location of baffles, and residence time [14,15].
Horizontal separators generally have a larger capacity and longer residence time, which
results in a better separation efficiency [16, 17]. Most of the research shows that
horizontal separators are more economical and provide higher separation efficiency;
however, vertical separators are more suitable for space-limited areas.
Gravity-based separation relies on the difference between the specific gravity of
oil and water. The most common form of the multiphase separator is a horizontal
or vertical tank that has the function of providing a relative residence time for the
light phase to coalesce and separate from the heavier phase. The detailed differences
between the two types of gravity separators are described in the following.
The typical structure of horizontal gravity separator is shown in Figure 2.1 (Re-
drawn from API, 1987 [18]). In this type of separator, the multiphase fluid stays in
the settling section to be segmented. In the segment section, oil droplets coalesce.
With sufficient residence time, oil and water separate into two distinct phases. During
the separation period, the oil droplets’ rising velocity is perpendicular to the incoming
flow.
One of the most important criteria for the design of a horizontal separator is the
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Figure 2.2: Schematic of the Gravity Vertical Separator
volume of the liquid collection segment. To obtain a high separation efficiency, the
segmented zone must provide enough residence time for oil droplets to rise from the
bottom of the separator to the top of the water phase.
Unlike horizontal separators, vertical separators need a relatively small space, and
they are easier to move and install [19]. Due to its geometrical limits, a vertical sep-
arator typically provides less separation efficiency than horizontal designs. However,
in a limited space area, like an off-shore platform, a vertical separator may be more
suitable. The typical structure of a vertical separator is shown in Figure 2.2 (Redraw
from API, 1987 [18]).
When designing a multiphase separator, the first factor that needs to be consid-
ered is the orientation. Based on Smith and Stewart’s studies [20, 21], horizontal
separators generally have better separation efficiency and are more economical with
high oil volume fraction fluids. The vertical separator is more often designed for cases
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of separate fluids with low oil volume fraction. Although previous studies provide
guidelines for choosing orientation, as highlighted by Svrcek and Monner [22], it is
still necessary to consider all the influencing factors when determining which type is
more suitable.
Many factors affect the separation efficiency of a separator. First is the operating
conditions. Keller [23] presents a study of multiphase separation with oil density
between 11 to 70 API gravity. In this study, the multiphase flow was injected into
the separator, passing through a filter medium system to collect oil droplets. The
filter medium has different mesh sizes that are affected by gravity. The design of
this filter formed oil droplet size distribution pattern that increased uniformly and
progressively from a small median size to a large median size. An experimental study
of the separation process conducted by Padilla et al. [24] found that the average
diameter of droplets increases dramatically in the vertical direction due to coalescence;
however, in the horizontal direction, the average diameter showed small change. One
of the reasons for this trend is due to the droplet coalescence process. Droplets with
different sizes present different rising velocity; these droplets are moving relatively
faster. Thus, droplets with different diameters located in different vertical locations.
The thickness of the dispersion phase is related to the dispersed phase flow rate, not
the total flow rate.
Second, the structure of a gravity separator directly affects the performance; there-
fore, many experimental studies focus on separator design. Rowley and Davies [25]
proposed a sedimentation-oriented model, to produce more oil droplets between par-
allel plates, which enables the smallest oil droplets to coalesce faster in a gravity
separator. Lars Schlieper et al. [26] investigated the separation behavior of a hori-
zontal gravity separator with three different inner components. Their study mainly
focused on the effect of the inflow, the plate material, and the plate distance, on
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separation length within the separator. This study shows that the presence of inner
components inside a separator, like plates, can aid the separation process. In 2009,
Fitnawan et al. [27] investigated an inclined gravity downhole oil / water separator. In
their paper, the performance effects of the separator’s depth, inclination, tubing size,
and tubing configuration were studied. Both experimental and simulation methods
were used in the study. Their simulation results show that for a water volume frac-
tion of approximately 81-87 %, the inclined separator was able to increase separation
efficiency by up to 82 %.
Third, droplet size, which is one of the most critical factors that influence the
separation efficiency. There is only limited experimental work has been conducted
in this area. Jeelani et al. [28] developed a droplet population balance model in a
flow system where oil is the continuous phase and water as the dispersed phase. The
oil sample in this study has a viscosity of 56.5 mPa.s at 25 ◦C. Padilla et al. [24]
used an experimental method to plot the droplet size distribution in the separator by
changing the inlet flow rate. The study found that the size of the droplets slightly
changed in the horizontal direction; however, there was a significant change in the
vertical direction. The thickness of the emulsion layer depended on the flow rate of
the dispersed phase, while it was independent of the total flow rate.
Forth, the mixing conditions of oil/ water also influence the separation efficiency
in specific contexts. Yusuf et al. [29] conducted an experimental study to investigate
the impact of oil viscosity on flow patterns. They used oil viscosity that is equal to
1.2 cp, and then compared it to oil viscosity at 1.6 cp. They observed differences in
their flow pattern maps from those in previous studies. In addition, they investigated
the oil viscosity effect on the pressure gradient. The results show that flow with oil
viscosity at 1.2 cp presents a greater pressure gradient than oil viscosity equal to 1.6
cp.
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Fifth, the type of separator also affect the separation efficiency. Besides gravity-
based separators, centrifugal separators are another type of separator based on using
the density difference of the immiscible liquids. The centrifugal separator has many
advantages, like compact geometry, less weight, economic efficiency, and easy oper-
ation. In this type of separator, a swirling motion is produced by the tangential
injection of pressurized fluid into the cyclone body. Liquid / Liquid Hydrocyclone
(LLHC) is the most popular type of centrifugal separator. The typical structure of a
hydro cyclone is shown in Figure 2.3 (Redrawn from [30], 2011). The multiphase flow
enters through the inlet under high pressure to the swirl chamber. The lighter phase
runs into the center, creates a reverse vortex flow, then leaves through the overflow
outlet, while the denser phase moves to the wall of the cyclone and down the wall to
the underflow outlet at the opposite end from the inlet [31]. Flow behaviors of oil /
water multiphase flow in LLHC are very complex [13,30,32–34].
Zhang et al. [35] found that inlet pressure has a significant effect on the separation
efficiency for a centrifugal separator. Their simulation results show that the separation
efficiency reaches 100 % at 2 kPa, compared to separation efficiency 97 % at 10 kPa,
which means that efficiency increased with the decrease of inlet pressure. Based
on previous studies, Butin et al. [36] investigated a new centrifugal separator, the
3C cyclone separator, which is designed for a subsea bulk oil / water separation
system. The 3C cyclone separator concept is based on an innovative geometry, aimed
to improve the system flexibility for various operating conditions, considering the
subsea operating environment. Compared to the traditional centrifugal separator, the
3C cyclone separator has a shorter length and more complicated internal structure
to promote higher performance. The influence of flow rates, water volume fraction,
oil viscosity, and oil droplet separation was studied using experimental methods. The
flow rate is the main driver for the diameter of max oil droplet separation. When the
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Figure 2.3: Schematic of the Centrifugal Separator
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flow rates changes from 1 to 1.3 and 1.6 l/s, the max oil droplet diameters are 17, 12,
and 10 µm, respectively. The study also found that the influence of the oil viscosity
on the max oil droplet diameter is negligible since diameter only changes from 17 to
21 µm with an oil viscosity increase from 40 to 70 cP . The water volume fraction
greatly influences the separation efficiency of the 3C cyclone separator.
In the petroleum industry, oil production in the last five decades has increased
water volume fraction with produced oil; therefore, the transportation of both oil
and water from the reservoir has become common. This gives rise to the study of
drag reduction [37]. Eshrati et al. [38] studied the effect of oil fraction and the
polymer-polymer mixture conditions on drag reduction. The percentage of polymer
concentrations was in the range of 5 to 30 ppm. They proposed that the optimum
polymer concentration is 10 ppm.
2.3 CFD Simulation Studies
Computational Fluid Dynamics (CFD) simulation is widely used to improve the de-
sign of separators and their operating conditions to enhance separation efficiency.
Numerous studies have been published in these areas, especially for two-phase and
three-phase flows.
This section presents a review of CFD-based studies for multiphase flow separation,
especially oil-water flow systems. In Table 2.1, a summary of CFD simulation studies
on operating conditions in horizontal separators is presented. Both two-dimensional
(2-D) and three-dimensional (3-D) simulations are included. Operating pressure, flow
rate, and fluid volume fraction are the typical variables that are investigated.
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As shown in Table 2.1, CFD studies focus on three-phase [39–44] and two-phase
flows [35, 37, 45–47]. The k-ε turbulence model is one of the most popular models
used to simulate multiphase flow [43–45, 48]. By using the standard k-ε model com-
bined with the multiphase mixing model, Yuling et al. [48] investigated the internal
flow field inside a gravity separator focused on the effects of different components
on internal flow fields. They analyzed the velocity and flow fields of two different
inlet configurations and four different rectifiers. The simulation results show that a
separator with internal structures has better separation behavior.
ANSYS Fluent provides three different models to simulate multiphase flow, which
are the Mixture model, VOF model, and Euler-Euler model. Each of them is devel-
oped for modeling different multiphase situations. As listed in Table 2.1, the Euler-
Euler model is the most popular for simulating oil / water multiphase flow among
the study [45, 47, 49, 50]. Noroozi et al. [50] used the Euler-Euler model to study the
effect of different inlet designs on oil-water separation efficiency. Four different inlet
structures were simulated in the study. Pressure distribution, velocity vectors, and
separation efficiency were calculated and compared for these four structures. The
study showed that using a helical form of inlet structures improved the separation
efficiency by approximately 10 %.
Noroozi and Hashemabadi [51] studied the effect of inlet chamber design on a de-
oiling hydro cyclone efficiency. Four inlet chamber configurations were investigated:
exponential, conical, quadratic polynomial body profile, and a standard inlet. The
algebraic slip mixture model and RSM were used to predict the multiphase flow be-
havior. The study shows that separation efficiency can be improved by approximately
8% by using the exponential body shape. Wilkinson et al. [52] focused on the effect
of baffles on separation efficiency for a horizontal separator. The study found that
a single perforated plate near the inlet improves the velocity uniformity downstream
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of the baffle. Additionally, when baffles are located next to each other, two baffles
provided better flow uniformity.
Frankiewicz and Lee [53] studied both steady-state and transient flow by using a
standard k − ε turbulence model and a VOF model. They developed a user-defined
function (UDF) model to simulate the actual floating location of the platform. They
indicated that a suitable location of baffles is essential. If baffles are improperly
located, significant interface turbulence will generate within the separator, which re-
duces the separation efficiency tremendously. Chen et al. [54] used mathematical
models to optimize the structure of an inclined oil-water separator. A separator with
a diameter/length ratio of 1/15 and 12◦ inclination angle was recommended.
Lian et al. [44] investigated the impact of flow rate and volume fraction on the
separation efficiency of a vertical three-phase separator. The flow rate range was 16
to 24 m3/h with fixed gas and water volume fractions, at 0.5 and 0.8, respectively.
Their results showed that the gas volume fraction at the gas outlets increases with an
increasing flow rate from 0.975 to 0.995. Zhou et al. [55] used CFD simulation methods
to study an oil-gas separator. This study provided evidence that collision plays an
essential role in the oil-gas separation process. They also modified the separator
design to improve separation efficiency. Their results show that a separator with
baffles placed at the entrance has a better separation efficiency than separator without
baffles.
Residence time distribution (RTD) is one of the experimental methods to study
flow structure [45]. However, the RTD model is not accurate enough to analyze com-
plex flow, such as oil-water multiphase flow. To improve the design of three-phase
gravity separators, Mehdi et al. [16] developed a computer code based on the evolu-
tionary computational method to improve the design of three-phase gravity separa-
tors. The effect of separator design factors, such as separator length, diameter, water
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chamber length, residence time, and surge time on separation efficiency was tested in
this study. For the defined minimum separator size, simulation results showed that
the minimum required residence time was the time required for the light phase to rise
and separate from the heavy phase. In their study, an optimal design of a separator
with a volume of approximately 18.4 m3 was selected.
A Moving Particle Semi-Implicit (MPS) method has been used to model oil / water
flow in a complex 2-D geometry separator [56]. Studies modeled two geometries, one
with baffles, and the other without baffle. When oil weir height is made lower than
200 cm, the separation efficiency becomes independent of oil weir height; however,
when the weir height is made greater than 350 mm, the separation efficiency becomes
100 %. The separation efficiency decreases with the increase of the vertical distance
between the inlet and the initial water surface, but after 150 mm, this distance does
not affect separation efficiency. A renewal rate was introduced in this study. The
renewal rate is the ratio between the flow rate and the separation chamber volume.
The separation efficiency decreases significantly with the increase in the renewal rate.
Kyung and Moo [57] also used the MPS method to trace the oil-water interface. By
comparing the simulation results with previous experimental results, they proved that
this model provides an accurate prediction of interface location variations over time.
CFD simulation techniques are also used to study centrifugal separators [49,55,58,
59]. In a cylindrical cyclone separator, Liu et al. [49] used the Euler-Euler multiphase
model combined with the Reynolds Stress Model (RSM) to simulate the flow field
and predict separation performance. The results of this study show that increasing
the flow split-ratio can greatly improve separation efficiency (flow split-ratio is de-
fined as the ratio between the overflow liquid flow rate and the inlet liquid flow rate).
A non-dimensional separation acceleration G-force (Gf ) is defined in this study as
the ratio between centrifugal acceleration and gravitational acceleration. The study
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showed that an increase of Gf in a certain range could improve oil / water separation
efficiency. However, an extremely high Gf may have the opposite effect due to the for-
mation of emulsification. Shi et al. [59] systematically studied the influence of vortex
finder designs, optimum insertion depth, and diameter of liquid / liquid cylindrical
cyclone (LLCC) separator by using CFD simulations. The steady multiphase flow
was modeled using a mixture model and the RNG k- ε model. Both numerical results
and experimental results showed that the length and the shape of the vortex finder
affect separation efficiency. Also, increasing the inlet velocity can improve separation.
The oil droplet size has a significant impact on separation efficiency with increasing
diameter of oil droplets, increasing the separation efficiency. Additionally, increasing
the oil volume fraction from 10 to 30 % decreased separation efficiency.
Several studies have also used CFD methods to investigate the flow structure in
pipelines, such as stratified flow or slug flow. By studying the internal flow field of
the three-phase separator, Zhenlin et al. [60] found areas of no flow velocity, vortex
flow, and flow "short circuit" inside the separator. These three areas reduced the time
for oil droplets to stay in the separator, therefore, reduced the separation efficiency.
Luo et al. [61] used the RSM model to study the impact of velocity and pressure on
turbulence flow, and their simulation results indicate that the flow exhibits Rankine-
Eddy flow characteristics.
2.4 Analytical Models
There are two types of analytical models for liquid / liquid separation. Empirical
models are generated by investigating key factors, such as liquid physical properties,
operating conditions, with an experimental process to measure a correlation between
the separation efficiency and the factors [62, 63]. The disadvantage of this type of
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model is that it cannot be reliably extended to applications beyond the range of the
experimental studies. An experimental study by Breisig et al. [64] investigated a
droplet-based liquid / liquid separation process inside a porous capillary. A new con-
tinuous microscale liquid / liquid separator was investigated and proved the possibility
of scale-up for industry use. The liquid-liquid separation was conducted in microflu-
idic equipment, which is the combination of the droplet formation stage and phase
separation stage into a single device. However, droplet formation and coalescence
processes were not considered. Mathematical models are obtained by formulating
differential conservation equations for both phases. The population balance model
(PBE) is one of the most widely used in this type of model [65]. In the PBE model,
the dispersed phase comprises discontinuous droplets evenly distributed in the con-
tinuous phase. One of the advantages of the PBE model is that it considers droplet
coalescence and breakage processes [66]. Ramakrishna [67] provided a comprehen-
sive review of PBE models. Nguemaha and Zhou [68] investigated a computational
method to calculate the phase diagrams of a protein-regulator mixture separated in a
liquid-liquid separator. With the development of food industry, such as protein, liquid
/ liquid separation studies more focus on the biomedical sector [68–72]. The main
interest of these studies is to improve the separation efficiency using either improved
experimental setups or chemical enhance to help the separation process.
2.5 Liquid / Liquid Coalescence
The density differences of two phases result in a slow separation of drops in a gravita-
tional field. For an oil / water multiphase flow separation process, the main challenge
is to increase droplet size. Coalescence is the main process of droplet growth, and a
coalescence theory for researchers to calculate the analytical models for oil / water
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separation in multiphase flow is required. The coalescence process involves interaction
between droplets and the surrounding liquid, which is considered more complex than
other processes, for example, the break-up process [73].
As liquid / liquid separation is caused by a buoyancy force on the less-dense
droplets, the terminal velocity of oil droplets is significantly affected by droplet diam-
eter; thus, droplet coalescence has a significant impact on separation dynamics [74].
Coalescence can be divided into three main steps [75, 76]: (i) droplets approach and
collide with each other, which is called the transport step, (ii) droplets keep in contact
until the films of the droplets reach a critical thickness, and (iii) the droplet’s films
merge into each other resulting in coalescence into a larger droplet, which is called
the kinetic step [77]. Therefore, there is no sharp interfaces between oil / water face
due to the complex coalescence process. Experimental studies show that the first
step requires more time than the second step. This means that the coalescence time
mainly depends on the droplets’ transport time. Various mechanisms contribute to
collisions, such as oil droplet random motion, and different rising velocities due to
the different droplet diameters [78–80]. However, not every collision will result in
coalescence, which is related to collision frequency and coalescence efficacy [81].
The oil / water multiphase separation process can be defined as four zones in the
separator, as shown in Figure 2.4 (Redrawn from [82]): clear oil zone, sedimentation
zone, dense-packed zone, and clear water zone. In the sedimentation zone, droplets
of the dispersed phase (oil phase) are highly active, and the coalescence process takes
place in this zone.
Gimes [83] presented a population balance model for the batch gravity separation
of the oil and water multiphase system. The physical properties of bulk liquids, the
phase interface, and the interface activity of phases were considered in his model.
Some sub-models developed in this study are the model for interfacial coalescence;
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Figure 2.4: Scheme of gravity based oil-water separation
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the model to predict the volume fraction of the dispersed phase-changing process
at any axial position and time; the model to calculate the interface location of the
resolved dispersed phase as a function of time; and the model to estimate droplet size
distribution, droplet growth rate, and the standard deviation of droplet diameter.
More details of these models are provided in Ref [83].
A population balance method is used by Ruiz and Padilla [84] to develop a math-
ematical model for steady-state (S-S) flow in a separator. The population balance
method considers the droplet size distributions in its model. Their model developed
an expression for the frequency of binary droplet coalescence, and the rate of growth
of drops from the passive to the active interface. Results showed that coalescence
frequency does not depend on droplet size, which is validated by experimental results
from their previous work. One of the contributions of this study is that the model
can provide an accurate prediction of the thickness of the emulsion layer.
Coalescence frequency is affected by collision frequency and coalescence efficiency,
as not all collisions result in coalescence. Many papers on coalescence efficiency and
collision frequency have been published, as presented in Table 2.2. Howarth [85]
proposed an equation to predict droplet coalescence frequency in a homogeneous flow
with uniform droplet size. Howarth assumed that most collisions result in coalescence,
but stated the coalescence frequency is a function of the critical velocity of two droplets
without giving a value for the critical velocity. Lehr et al. [86] developed a model to
predict the critical approach velocity as an empirical relationship theory based on
experimental results. The model showed that small approach velocities lead to high
coalescence efficiency. An energy model, which was proposed by Howarth [87], found
that most collisions cause immediate coalescence and the probability increases as
the collision energy increase. Furthermore, in Sovova’s model [88], the coalescence
efficiency initially decreases with increasing bubble diameters, then increases with
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increasing bubble diameters after a critical diameter. This critical bubble diameter is
0.005 m in their study. The reason for the trend is the model combined the surface
merging model and the interfacial energy model. Therefore, the coalescence efficiency
decreases for small bubbles and then increases with the diameter of the bubble.
Another model, developed by Chesters [89], separated the collisions in a turbulent
flow into viscous and inertial collisions. The reason for considering inertial collisions
was that he found the inertial force between two particles is greater than the external
force exerted by the flow. The film drainage model determines coalescence efficiency
based on the contact time and the drainage time of two droplets [89–93]. Drainage
time is the time required for the film of two drops to be thinned to a critical thickness.
Various factors contribute to the drainage time, such as the shape of droplets, and
whether the droplet shape is deformable or non-deformable.
Modeling bubble or drop coalescence is very complex, and there are no satis-
factory models that represent all mechanisms or are applicable to a wide range of
conditions. Some models show that coalescence efficiency decreases with increasing
bubble size [86, 89, 94]. Another model presents that the coalescence efficiency de-
creases with increasing bubble size until it reaches the critical droplet diameter, then
increases with droplet diameter [88]. In general, these models describe the coalescence
behavior qualitatively, but not quantitatively because they do not account for all the
relevant parameters due to the complexity of mechanisms and the coalescence process.
Most of the previous models are developed for bubbles, and only a limited quantity of
studies [85,88,93] have been developed to model droplet coalescence. If the viscosity
term is ignored, in the bubble coalescence, then under suitable transformations of the
variables, the Weber number and radius ratios are canceled from the governing equa-
tions, and a universal solution can be obtained. With this simplification, the bubble
coalescence process model becomes less complex compared to droplet coalescence.
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Table 2.2: A summary of the coalescence frequency models
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2.6 Dimensionless Method in Separator Design
Historically, the field of dynamics of the separation process has been modeled using
complex analytical and numerical models, such as droplet coalescence models. There is
only a few research describe the dimensionless group effect on the separation process.
Jeelani et al. [28] developed a model that describes the kinetics of the Reynolds
number to estimate the separated oil volume from a continuous separation process.
The separator design criterion is extended by using the residence time distribution
method, which predicts the hydrodynamics and mixing conditions in the continuous
phase [96]. Another model of the separator is developed to estimate the steady-
state flows and separator behavior with various operating conditions [97]. These
models did not consider variations of reservoir conditions in the field. Even within
one reservoir, the amount of oil volume fraction changes during a reservoir’s lifetime.
These variations exert a potential effect on oil / water separation efficiency, which
in turn affects the performance of the separator. Therefore, fundamental research is
needed to study the relationship between the geometric designs of a separator and
the physical properties of fluids.
2.7 Summary
In conclusion, it is evident in the literature that although separation technologies are
mature, there is still room for improvement in separator design to improve operating
efficiency. In addition, improved modeling, either analytical or numerical, can allow
separation processes to be developed or improved for previously unstudied operating
conditions such as those found in subsea installations.
Numerical modeling is a viable approach but remains computationally expensive,
and only some programs are able to model two-phase flows. None of the available
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programs provide a full model of the coalescence process.
Analytical models are necessity relatively simplified due to the overall complexity
of the separation process and the flows within a separator. As with numerical models,
mathematical models are significantly limited in their ability to model the coalescence
process. Based on previous research studies, the understanding of droplet coalescence
efficiency and the collision frequency is still limited due to its complexity, which
involves viscosity. Therefore, only limited studies have been conducted on this topic.
Based on the literature review, it is determined that there is room for improvement
in the understanding of separator design and, in particular, the specific effects of oper-
ating parameters on the physical design of separator technology. This thesis addresses
these issues by first developing high-level semi-analytical models of droplet coalescence
to guide separator design. This is then supplemented with the development of simple
physical models that can be tested at normal pressures and temperatures in order
to validate or calibrate the analytical and numerical models. In addition, developing
2-D and 3-D numerical models that can be used to simulate the high-pressure subsea
separation process. The additional work involved using other software to develop 3-D
models. These were compared to the original simulations and to physical models. Fi-
nally, to develop a method of correlation, based on dimensional analysis, to allow CFD
results calibrated with the lab-scale experimental data, to be scaled up to prototype
behavior.
The specific research objectives developed for this study is to explore methods
of numerical and analytical modeling, including dimensional analysis, that can be
applied to separators to better understand the effects of operating parameters such
as temperature, pressure, mixture ratios and flow velocity on the design parameters
and physical size requirements for flow through separators.
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Chapter 3
Development of Semi - Analytical
Models
In this section, the separation process for a multiphase separator is modeled. This
mathematical method is used to optimize separator design parameters such as length
and width, based on Stokes law.
3.1 Mathematical Design Model for Separators
As shown in Figure 3.1, ideal operating conditions allow mixture has enough residence
time to allow an oil droplet to travel in a separator through the longest path, which
is the distance between the bottom of the separator and the oil / water interface.
Therefore, modeling the oil separation hydrodynamics based on the separation of this
longest path droplet would ensure the removal of all other droplets with the same or
larger diameter.
This process assumes that Stokes law governs the rising vertical velocity (vv) of the
traversing oil droplet on its path to the oil / water interface, and the inlet flow rate
28
Figure 3.1: Oil separation process under ideal operating conditions
governs the horizontal velocity (vh). The vertical velocity is estimated from Stokes




(ρw − ρo) · g · r2
µw
(3.1)
where, ρw, and ρo are the density of water and oil, respectively, r is the droplet
diameter, and µw is the water viscosity.
The horizontal velocity component is estimated from the residence time as Vh =
L/τ , where L is the length of the separator and τ = Vtotal/qin is the residence time,
Vtotal is the volume of the separator, qin is inlet flow rate of the multiphase fluid.









where Ac is the cross-sectional area of the multiphase flow, θ is the angle which defines






Figure 3.2: Oil separation process under high flow rate
The design parameters W,H,L of the water phase will have ideal operating con-
dition values. In reality, most of the time, separators cannot reach a complete sepa-
ration; therefore, we have to assume that the water outlet Fw will increase by a value
of ∆F as a result of a corresponding un-separated oil. This results in an angle change
of the longest path of a traversing oil droplet from θ to θ1, where θ1 < θ. Figure 3.2
demonstrates that extending the length of the separator to L1 = L+∆L will result in
complete separation. Assuming that the design parameters Ac, H, θ remain the same,





Additionally, another simplification assumption has to be made in order to es-
timate the volume fraction of the unseparated oil, ε. As shown in Figure 3.3, we
assume that the unseparated oil droplets in the water phase form a “tail” extending
into the virtual separator extension, also shown by the dashed line that unseparated
oil exists within the water. However, the accuracy of this assumption is dependent
on the geometry of the separator. Based on this assumption, region V3 represents the
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volume of the unseparated oil V2. Figure 3.3 shows that region V3 is the difference
between the oil volume in the virtual separator (represented by Vt = V1 + V2), and
the oil volume in the actual separator (V1). The volume V1 + V2 can be calculated as









Vt = V1 + V2 =
1
2 · L1 ·H ·W (3.7)
Furthermore, V1 is the volume of the rectangular segment parameter represented by
h1,W , and L,
V1 =
1
2 · (2 · vv ·
L
vh
− h1) · L ·W (3.8)
V2 =
1
2 · (2 · vv ·
L
vh
− h1) · (L1 − L) ·W (3.9)
where the virtual oil / water interface height h1 is defined by the equation:
h1 = L · tanθ1 (3.10)
Consequently, one can estimate the unseparated ε from the equation:
ε =

V2/(V1 + V2), (L1 > L)
0, (else)
(3.11)
Having estimated the unseparated oil fluid volume fraction ε, we can calculate the
separated and unseparated volumetric flow components of the fluid Fh1 standing for
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Figure 3.3: Unseparated oil under high flow rate
the separated oil and Fh2 standing for the unseparated oil,
Fh1 = ε · vo · Fin (3.12)
Fh2 = (1− ε) · vo · Fin (3.13)
Fwout = Fh2 + Fin · vw (3.14)
dvw
dt
= Fin − Fwout − Fh1 (3.15)
where, vo, vw is inlet volume fraction of oil and water, respectively, Fin is inlet flow
rate, vw is water phase volume, and Fwout is water outlet volumetric outflow.
The analytical model to predict the separation efficiency is presented above. How-
ever, this model has some limitations based on the following simplified assumptions
made in this separation process model:
1. The separation processes are isothermal in all phases of the separator at all
operating temperatures.
2. The oil droplets in the water phase have a uniform droplet size distribution with
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a diameter d = 50 µm.
3. The rising velocities of oil droplets obey Stokes law.
3.2 Interface Tracking Model
A model was developed to track the oil / water interface in a batch situation where
a tank without inlets or outlets had a uniform mixture with a specific oil volume




= Fb −Gf − Fd (3.16)
where M is the mass of the droplet, Fb is the buoyancy on the droplet, and Fd is the
viscous drag force on the droplet. The parameters are












Fd = CD · π · [
d
2]
2 · ρw ·
U2
2 (3.19)
It is assumed that the droplet is moving at terminal speed vt:
vt =
√√√√(ρw − ρo) · g · 83 · (d2)3
CD · ρw
(3.20)
The tank is divided into horizontal slices with thickness h′, and cross-sectional area
A, with the volume of a slice being A · h′.
At any time i, there is a volumetric flow of oil into a slice from the slice below
and a volumetric flow of oil out of the slice into the slice above. The net volume of
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oil moved is
∆V = vt(i−1) ·∆t · f(i−1) · A · h′ − vt(i) ·∆t · fi · A · h′ (3.21)





A slice where the volume fraction of oil above it is equal to 1 and the volume fraction
of oil below this slice is equal to the original fraction fori. The volume of oil into the
slice from the one below is
∆VM = vt · A · fori ·∆t (3.23)
The volume that needs to be filled with oil is
∆VN = (1− fori) · A · h′ (3.24)







The location of the interface is
z = h− v′ · t (3.26)
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The time to steady state is
ts−s = fori ·
h
v′
= fori · h(vs−s · fori)/(1− fori)
= h
vs−s · (1− fori)
(3.27)
For a steady state case, Fb −Gf = Fd, and vv = vs−s





3 = CD · π · [
d
2]
2 · ρw ·
v2s−s
2 (3.28)




= ρw · vs−s · d
µw
(3.29)
Substitution into the L = W equation provides
vs−s =
(ρw − ρo) · g
18 · µw
· d2 (3.30)
The interface equations becomes
v′ = (ρw − ρo) · g18 · µw
· d2 · fo1− fo
(3.31)
ts−s =
h · (1− fori) · (18µw)
(ρw − ρo) · g · d2
(3.32)
Note that v′ increases with increasing (ρw − ρo), but ts−s decreases as fori increases.
Thus one might expect the effective (ρw − ρo) to decrease. In addition, v′ decreases
with increasing µw, however, ts−s increases. As fori increases, one might expect the
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Figure 3.4: Force balance on a spherical oil droplet rising in the water phase
effective µw to increase.
3.3 Terminal Velocity Theory
In this section, the force balance for one droplet is analyzed, and an analytical model is
developed to predict the separation process. As discussed in the previous section (page
34, section 3.1), the oil / water separation process occurs under a low Reynolds number
flow in which is assumed to be laminar flow. In an oil / water flow system, three forces
determine the oil rising velocity, drag force, gravitational force, and buoyancy force, as
shown in Figure 3.4. In small Reynolds number flow, the drag force is predominantly
from viscous forces, and these forces are proportional to viscosity. Therefore,
Fd ∝ µ (3.33)
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The drag force Fd on a sphere is described by Stokes’ law with the following assump-
tions:(a) sphere rigid, (b) it is an infinite medium, (c) there is no slip at the surface,(d)











Here, dimensionless characteristic velocity u0 and length are defined asRe = ρ · u · l/µ,
µ = ρ · v, u stands for the mean velocity.
For a spherical oil droplet, Eq. 3.34 has an analytical solution based on spherical
coordinates. Assuming the oil droplet has radius R, we have:


























Force balance is used on one oil droplet to solve the above equation. Three forces are
acting on one droplet, FB, FD, and Fg,




ρw · V − CD ·
1
2 · ρw · u




where CD is controlled by droplet velocity. To solve Eq.3.36, we first assume the
motion of the oil drop is in the laminar regime. Therefore, CD is equals to CD =
24/Re, the terminal velocity is determined by Stokes’s law [98].
u = 29 ·
g · r2
µ
(ρw − ρo) (3.37)
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Figure 3.5: Schematic of oil droplets coalescence process
As presented in Eq. 3.37, the rising velocity of a droplet is directly proportional to
the size of the droplet. Droplets are easily deformed during the separation process.
The deformation of the droplet affects the droplet diameter. However, for small
droplets (150 µm < d < 500 µm), it is assumed that the deformation effect on rising
velocity is minimal. The same assumption has been used in many previous studies.
Estrade et al. [99] used the same assumption to experimentally investigate the binary
droplet collision with an error within 10 %. The same assumption was also used by
Wang et al. [100] to develop an analytical model between coalescence and droplet
size. More studies can be found in the review paper of Tom et al. [101]. As illustrated
in Figure 3.5, droplet coalescence includes three main steps: (i) the transport step
where droplets approach each other, (ii) droplets keep in contact until the films of
the droplets reach a critical thickness, and (iii) the kinetic step where droplets merge
into larger droplets [102]. Several factors affect this coalescence process, including
the number of droplet collisions, relative velocities of droplets, size of droplets, and
viscosity of the fluid.
3.4 Mass Balance for Coalesced Drops
Brownian collisions and gravity differences between oil and water contribute to the
movement of oil droplets, resulting in the coalescence of oil droplets. In the coales-
cence process, droplets initially undergo binary coalescence, resulting in an increase
in the average droplet diameter with time, and then undergo further coalescence be-
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tween larger droplets until they reach the interface layer, and separate from the water
phase. Therefore, for more accurate predictions of liquid / liquid separation, droplet
coalescence needs to be represented.
In the development of the droplet coalescence model, it is assumed that the oil
droplets initially have the same diameter and are equally distributed in the water
phase. This condition is difficult to be fully achieved in fluid mixtures. However, a
previous study conducted by John et al. [103] found that over 90 percent of droplets
are distributed around a mean droplet size, with an average deviation of 3.6 %. In the
study, video microscope was used to measure water droplet size in an oil phase with
various mixing conditions. Thus, in this paper, it is assumed that droplets have the
same initial diameter. Therefore, a new correlation for coalescence can be developed.
The diameter of oil droplets after the first coalescence is calculated in the following
way:
2 · Vn · ρ = Vn+1 · ρ (3.38)
2 · 43π · r
3




n+1 · ρ (3.39)
where Vn−1 and Vn are the volumes of the droplets before and after coalescence, re-
spectively, and the variable n denotes the times of sequential coalescence occurrences.
The diameter of oil droplets after coalescence is
rn+1 = 3
√
2 · rn (3.40)




(ρw − ρo) · r2n+1
µw
· ρ = 3
√
4 · vn (3.41)
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The rising distance is
Yr = vn+1 · t (3.42)




(ρw − ρo) · r2n
µw
· g · t (3.43)
By assuming that coalescence time is a function of binary droplet coalescence steps per
volume, Eqs. 3.40 - 3.42 are used to determine the diameter of droplets after coales-
cence, the terminal rising velocity of droplets after coalescence, and the rising distance
of droplets after coalescence, respectively. The time period of one binary droplet coa-
lescence step includes the time needed for the droplets to approach each other, connect,
and then merge to one droplet. A correlation was developed to predict the time-period
for each coalescence step for several oil / water fractions and initial droplet diameters
based on numerical simulations of evenly-dispersed equivalent-diameter oil droplets
in water.
3.5 Dimensional Analysis of Multiphase Separa-
tion
The Buckingham Π Theorem [104], using dimensionless Π terms, is selected for this
analysis to determine a relationship between the separator geometry and operating
conditions effect on separation efficiency.
The theoretical minimum length is that required to achieve the maximum separa-
tion efficiency, the required horizontal length of a separator that enables the smallest
droplets to separate from the continuous phase based on their rising velocity, which
is estimated using Stokes law. The theoretical minimum length of a separator (x)
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Table 3.1: Description of the various parameters in fundamental dimensions.
Variable Description SI units Dimensions
x Separator horizontal length m L
h Separator vertical height m L
v Fluid velocity m/s LT−1
ρm Density of mixture kg/m3 ML−3
µm Dynamic viscosity of mixture Pa ·s ML−1T−1
σo/w Surface tension between oil and water N/m MT−2
P Operating pressure Pa ML−1T−2
depends on the vertical height of a separator (h), fluid velocity (v), viscosity (µm),
multiphase fluid density (ρm), fluid surface tension between two phases (σo/w), and
operating pressure (P ) in the following way,
x = f(h, v, µm, ρm, σo/w, P ) (3.44)
Each of the identified parameters is presented by a set of fundamental dimensions
of mass (M), length (L), and time (T ) in Table 3.1. Based on the Buckingham Π
Theorem [104], four dimensionless Π terms are determined, as presented in Table 3.2.
The resulting relationship based on this analysis is as follows:



















Here, assume mixture is imcompressible and isotropic fluid, thus, the mixture density
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Table 3.2: Dimensionless Π terms.
Π Terms Dimensionless Group Name
Π1 xh Separator length/height ratio
Π2 h·v·ρmµ Reynolds number














where k represents phase k, ε is volume fraction. Changing the volume fraction
of each phase results in the change of mixture density and viscosity. According to
Sydney’s [105] study, the relation between the temperature T and the surface tension
is linear through a relatively small temperature range, 20 - 65 ◦C. Therefore, this





This chapter describes two experimental setups designed to test CFD models at the
droplet and prototype tank levels. The motivation of conducting both batch and
continuous separation experiments in this chapter is to use batch simulation results
to provide a fundamental check on CFD. Also, test batch runs are used to validate
the previously developed analytical models to make them better for the initial design.
The comparison between CFD and experimental results is then carried forward to
a continuous flow scenario, which more realistically approximates real-world separa-




4.1.1 Experimental setup design
This section presents an experimental setup to investigate the droplet level dynamics
of liquid / liquid separation. A series of experiments on oil / water batch separation
was conducted in a transparent vessel with a high-resolution camera to record the
separation process. A mixture was prepared with a volume ratio of water to oil of
4:1. The water phase, with a volume of 400 ml, was measured by two volumetric
flasks with a capacity of 200 ml, with ± 0.1 ml accuracy. The oil phase, with a
volume of 100 ml, was measured via a graduated cylinder with an accuracy of ± 1.0
ml. To generate a homogeneous oil / water mixture, the two phases were mixed in
a transparent vessel with a capacity of 600 ml ( ± 3.0 ml), and a height of 90 mm (
± 0.5 mm). The mixture was stirred at a speed of 1100 rpm using a magnetic stirrer
for 30 min. This procedure generates a homogeneous oil / water mixture with a
mean oil droplet diameter of approximately 200 µm [106–108]. The temperature was
maintained at 20 ◦C for all experiments. The high-resolution camera was placed in
front of the separator (which is a transparent vessel) to record the separation process.
To increase the visual observation of the oil / water separation process, a red dye
water tracker, which can only be dissolved in water, was added into the water. Also,
a measuring scale was placed at the surface of the batch separator with a precision of
1 x 10−4 m (0.1 mm) to measure the thickness of the oil layer.
A schematic of the experimental setup for liquid / liquid separation is illustrated
in Figure 4.1. The thickness of the oil layer (Yo) was recorded and measured every 30
s during the batch separation process. This thickness is the distance from the top of
the separated oil phase to the top of the interface layer. The variable Yo is used to
present the smallest oil droplet rising distance overtime. A normalized thickness (Y ′)
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Figure 4.1: Schematic diagram of the experimental setup for liquid / liquid separation
is defined to clearly present the comparison of experimental data with the numerical
simulation predictions,
Y ′ = Yo/Ytotal (4.1)
where Ytotal represents the total height of the liquid in the separator.
4.1.2 Uncertainty for batch separation setup
The batch separation process is presented in terms of the formation of the oil layer,
the thickness of which varies over time. The primary sources of uncertainty in this
experiment were from the volumetric flasks, the graduated cylinder, and the ruler.
According to the Kline and McClintock method [109], the uncertainty equation to













where, Y ′, Ytotal represents the thickness of the oil layer and the total thickness of the
mixture, respectively. Based on Eq. 4.2, the total uncertainty for batch separation
setup is ± 1.95 %.
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4.2 Continuous Separation
In this section, the experimental setup for the continuous separation study is pre-
sented. First, an industrial scale separator was designed. Second, an experimental
loop was built to conduct a continuous separation investigation.
4.2.1 Separator design theory and steps
A gravity-based separator is designed using the oil droplet rising velocity based on
Stokes’ Law. The separator sizes are calculated based on the maximum time needed
for an oil droplet to rise from the inlet to the oil outlet. There are four main fac-
tors that need to be considered in terms of designing a separator: 1) Operating
temperature. High temperatures have two effects on the separation process. High
temperatures reduce the viscosity of the oil. Lower viscosity facilitates the oil /
water separation processes by reducing the drag force. Higher temperatures reduce
the specific gravity of oil, which further benefits the separation process. 2) Operating
pressure. The operating pressure directly determines which type of material to choose
for separator, along with the auxiliary equipment. Pressure also affects fluid physical
properties, such as density and viscosity. 3) Residence time. A certain minimum
residence time must be provided to achieve good separation efficiency. 4) Separator
internal structures. Internal components inside the separator reduce the inlet velocity
and increase the residence time; therefore, they need to be considered when designing
a separator. For instance, important internal components include inlet distributors,
internal baffles, and a vortex breaker at the outlet.
The first step for separator design is to calculate the vertical velocity of droplets.
From Eq. 3.37, an oil droplet vertical velocity from the bottom of a separator to the
surface is vv = u. Also, according to API, horizontal velocity (vh) is recommended
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Table 4.1: Physical Properties of Fluids
Fluids Abbreviation Value Unit
Temperature T 20 ◦C
Gravitational acceleration g 9.81 m/s2
Water density ρw 992 kg/m3
Oil density ρ0 872 kg/m3
Dynamic viscosity µ 0.0013 N/m2 · s
to be 15 times greater than the vertical velocity, or 0.01524 m/s, whichever is the
smallest velocity to maintain a laminar flow condition.
The next step is to calculate the separator size. The vertical and horizontal ve-









where, the Qd is the designed flow rate in m3/s, Ah is the separator horizontal area
in m2, and the Ac is the separator cross-sectional area in m2. Based on oil droplets
in Stokes’ law, the oil rising velocity, vertical velocity, and the horizontal velocity are
used to calculate Ah and Ac, which provides the designed size for the separator. The
values of physical properties for the fluids and other required parameters are listed in
Table 4.1. According to API, the ratio of length to width should be set to at least 5,
and the ratio of depth to width should be set to 0.5 (must be between 0.3 and 0.5).
Based on Eq.(4.3) and Eq.(4.4), for a maximum inlet flow rate of 1.02 m3/h
according the pumps capacity, and a minimum required separation time is 400 s, an
ideal separator should be designed with dimensions of 1.8 m x 0.25 m x 0.15 m (length
x width x depth). To account for realistic operations, the design must incorporate a
47
higher capacity with a factor of 1.5 to insure more complete separation.
4.2.2 Continuous separation loop design
Experimental investigations of continuous separation of oil / water were performed
in a flow loop, as shown in Figures 4.2 and 4.3. Both oil and water were transferred
from the storage tanks to the test section with a pump that connected to 1-inch PVC
pipe supply lines. Oil and water entered the test section from the two pipes via a
tee-junction. An inline mixer is located in front of the inlet to further mix oil / water.
This inline mixer has 12 blades, which is designed to mix immersible liquids with low
Reynolds number (50 < Re < 1000) to generate a homogeneous mixture with isotropic
droplet size distribution. A flow-meter with a maximum capacity of 2.25 m3/h was
located on each of the flow lines (water and oil). A pressure sensor was attached to
the test section. After the pumps, each fluid had a bypass pipe to control the flow
rate in the mainline. The mixed oil / water fluid then ran into the separator tank,
where the oil and water were separated.
The separator tank had a length of 2.28 m (90 inches) and a width and height
of 0.3556 m (14 inches). Three baffles with different functions were placed in the
separator. The first baffle, called the flow spreading baffle, was 0.127 m (5 inches)
from the inlet and was used to reduce the inlet flow rate. The reduction of the inlet
flow rate is important because it is directly related to the oil rising time, which will
affect the separation efficiency. The space from the inlet wall to the first baffle is
defined as Zone 1.
The second baffle was located 1.778 m (70 inches) from the first baffle, with a
height of 0.1778 m (7 inches). This baffle determines the oil / water main separation
range, defined as Zone 2. The third baffle was located 0.254 m (10 inches) from the
end of the separator and was used to further separate oil in order to comply with
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Figure 4.2: 3-D Flow Loop
Figure 4.3: Schematic diagram of the oil / water separation flow loop
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Table 4.2: Oil and Water Properties
Parameters Unit Mineral oil Water
Density kg/m3 872 992
Viscosity (@ 40◦C) cSt 15 0.6579
Interfacial tension mN/m 20.1
recycling standards. The area between the third baffle and the end of the separator is
defined as Zone 3. Each Zone has different functions. Zone 1 is designed to reduce the
inlet velocity to better mix oil / water mixture; Zone 2 is the main separation section,
which is used to investigate the separation process. The simulation model share the
same geometry design as Zone 2, which will be shown in Chapter 5, Figure 5.1 B.
The 3D views of this separator are shown in Figure 4.4. The physical properties for
the fluids and parameters are presented in Table 4.2.
Main measurement equipment
• Centrifugal Separator A centrifugal separator was used to further separate
samples, and to further analyze the oil / water separation efficiency. The mod-
ule information of the centrifugal separator is listed in Table 4.3. The post-
treatment for the samples provided information that is used in the uncertainty
analysis of the separation efficiency.
The relative centrifugal force (RCF) is given in multiples of earth gravity (g).
It is a dimensionless number that allows comparison between the efficiency of
separation of various instruments, since it is independent of the instrument
used. The only values entered in the equation are the radius and speed of
centrifugation:
RCF = 11.18× ( n1000)
2 × r (4.5)
where r is radius of centrifugation in cm, and n is speed in rpm.
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Figure 4.4: 3-D geometric model of the designed separator: (a) Isometric view, (b)
Front view
51
Table 4.3: Biofuge Primo Centrifugal Separator
Rotor designation Unit Highconic rotor
maximum permissible load g 6 ×130
maximum speed nmax min−1 8500
maximum RCF value at nmax 10016
angle ◦ 45
acceleration time s 55
braking time s 35
Table 4.4: Sartorius Analytical Balance BL 60S
Model BL 60S
Weighting capacity g 60
Readability mg 0.1
Tare range (subtractive) g 60
Repeatability ≤ ±mg 0.1
Sensitivity drift within +10...30◦C ≤ ±K 2 ×10−6
In this post-treatment process, the maximum rotation speed has been used, and
the RCF value is 10016. The separation process of the samples lasted for 20
min. Under these conditions, it is assumed that the oil and water samples are
sufficiently separated, which means that the presence of oil in water is negligible
and vice-versa.
• Analytical Balance An analytical balance was used to measure the weight
of samples before and after the post-separation process. A Sartorius analytical
balance (module BL 60S) was selected with the main information for this module
is listed in Table 4.4. Flow meters and pressure sensors were installed in the
pipelines.
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4.2.3 Experimental procedure and operating parameters
National Instruments DAQ USB-6008 DEVICE, NI 9211 Thermo Couple, SignalEx-
press (National Instruments, 2015), and the LabVIEW (National Instruments, 2015)
programs were used for data acquisition. For each test, the separator was first cleaned
with pure water, and the water phase was pumped back to the water tank for reuse
after each test. The oil phase was further separated in Zone 3 for sufficient resident
time, then pumped back to the oil tank for reuse. The separation performance was
investigated under various operating conditions. The flow volume was constant at
0.1120 m3 with accuracy of ± 0.0114 m3. Before recording for a test, the volume
flows were adjusted by the setup control device. After reaching the operating condi-
tions, the separator was emptied, and then measurements were recorded. When the
mixture entered the separator, the inlet volume flow rate reduced dramatically after
the mixture hit the first baffle.
At the beginning of the separation process, the unseparated mixture was the main
flow in the separator tank. The water or oil phase layer and the oil / water interface
layer became visible in the separator with time due to the coalescence and separation
process. The location of the interface layer, the top layer of the oil phase, and the
top layer of the water phase changed during the separation process. Each operating
condition case runs at least twice to achieve repeatability.
To study the separation process, but to avoid the influence of these three layers
changing over time, three sampling points were selected from the bottom of the water
phase layer, and three more points were selected from the top of the oil phase layer.
For each phase, the sampling points were evenly distributed in Zone 2 with the same
horizontal position, as shown in Figure 4.4. A maximum volume of 10 ml per sample
was taken every minute. The measurement of time using a stopwatch started when
the mixture entered Zone 2. The residence time was recorded with an accuracy of
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Table 4.5: Testing parameters
Testing parameters Value
Oil volume fraction %
10, 20, 30, 35, 50
Multiphase flow rate m3/h
0.227, 0.397, 0.568
approximately ± 0.5 min. The experiment started with a mixture in Zone 2, with
the water volume fraction being the same as the inlet value. As the residence time
increased, oil droplets continuously moved to the top layer, and the water volume
fraction in the bottom layer increased. Similarly, the oil volume fraction increased in
the top layer. Separation efficiency is thus defined as the volume fraction of water in





where ε is separation efficiency, Vk is phase k volume fraction in the sample, and
Vtotal is the total volume fraction in the sample. The volume of each sample can be
measured to an accuracy of ± 0.1 ml. In contrast, the accuracy of the sample weight
is ± 0.1 mg.
One of the objectives of this study is to provide data on the effect of different
operating conditions on oil and water separation efficiency. The oil volume fraction
in this experiment is presented in Table 4.5. Based on separator design and the
capacity of the separator, the maximum flow rate is less than 1.36 m3/h (6 GPM).
The experimental study was conducted at a temperature of 20◦C. The main testing
parameters are listed in Table 4.5.
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4.2.4 Uncertainty for continuous separation setup
The primary sources of uncertainty in this experiment are calibration of the flow meter
(see Appendix A), the accuracy of an analytical balance, and the syringe pump. Other
operating uncertainties, such as the change of environment temperature during the
experiments, are assumed to be negligible.
In this experimental study, several variables contribute to the overall uncertainty:
the flow meter, valves, pressure sensors, and the analytical balance.
The separation efficiency is calculated by oil concentration and oil volume fraction,
separately. For example, the concentration method is defined as the percentage of
oil weight over the total weight of a sample. The equation of separation efficiency





where, Woil,Wtotal represents the weight of sample after separated / extracted water











The experimental apparatus described in this chapter was used to generate experi-
mental data for comparison with the CFD models presented in Chapter 5. The results





This chapter describes three CFD simulation models developed using different soft-
ware packages for oil / water separation. It focuses on ANSYS Fluent, which was
initially assumed to be the most appropriate and capable modeling package to be
use in modeling two-phase flows. However, the amount of resources required to run
full Fluent models was found to be prohibitive in my current research source, thus,
other software suites were evaluated, and models were developed to determine if viable
models could be developed at a lower computational cost.
5.1 ANSYS Fluent Numerical Simulation Study
In this section, simulation steps and setup of numerical simulation using the ANSYS
Fluent are presented. The specific configuration for the simulation is discussed in
detail.
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5.1.1 Numerical simulation assumptions
To apply the multiphase flow model to the oil / water separation, the following as-
sumptions are maintained: (a) oil droplets are equally dispersed in water, (b) the
interpenetration between oil and water should be ignored, meaning oil and water are
immiscible with one another, (c) all phases are incompressible, (d) energy losses should
be ignored, (e) density and viscosity are both constant in the calculation domain, (f)
there is no backward flow at the oil and water outlet, causing the gauge pressure at
the outlet to be zero.
5.1.2 Geometry
The objective of this numerical study is to simulate the transient flow of the oil /
water separation process. Therefore, only the oil / water separation region is selected
for the computational domain. A 2-D two-phase separator model is developed for
this study. The length of the computational domain for both separators is 1.776 m,
which shares the same geometry as Zone 2 in the experimental setup (see page 52,
Figure 4.4). A schematic of the separator for batch separator is presented in Figure
5.1(A). The geometry of the continuous separator is shown in Figure 5.1(B). For the
continuous separator, the inlet velocity is adjusted so that the volumetric flow is the
same as used in the experiments. The inlet pipe diameter is 0.0254 m, and the inlet
is 0.254 m below the top. The pipe diameter of the oil outlet and water outlet are
both 0.0254 m.
5.1.3 Mesh Independence Study
A mesh independence study was conducted focusing on the resultant displacement,
and a fine mesh was selected to achieve high accuracy. The meshes were generated
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Figure 5.1: Schematic diagram of separator: (A) Batch separator, (B) Continuous
separator
using a quadrilaterals method for face meshing, which has an interval size of 0.01. The
total amount of nodes is 197,541, with 196,000 elements. The minimum orthogonal
quality of this mesh is 1.0, the maximum ortho skew is 0.0, and the maximum aspect
ratio is 1.414.
Five different element sizes were selected to create different meshes on the separator
(shown in Table 5.1). The oil volume fraction and pressure results are presented in
Table 5.2. Their corresponding changes with different mesh sizes are presented in
Table 5.3. In these tables, the oil volume fraction refers to the maximum oil volume
fraction in the oil sample. It can be seen from Table 5.1 and 5.2 that the element size
of 0.05 inches was the most accurate and efficient size for the model. A plot showing
the prediction of the oil volume fraction based on the increased node count is shown
in Figure 5.2. The point shown in red presents the optimized mesh number. The
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Table 5.1: Element size and node count
Element size (inch) Node count Face Cells
0.02 546,156 1,089,744 543,589
0.05 197,541 393,540 196,000
0.08 77,964 154,963 77,000
0.1 49,771 98,770 49,000
0.2 12,987 25,586 12,600
Table 5.2: Mesh convergence study for oil volume fraction and pressure
Mesh Number of Nodes Oil volume fraction Pressure (kPa)
1 546156 0.9301 -1.2790
2 197541 0.9287 -1.2802
3 77964 0.8714 -1.2976
4 49771 0.8458 -1.3315
5 12987 0.8091 -1.3544
element size of 1.27 mm (0.05 inches) was the most accurate and efficient size for the
model. The model created with this element size contained approximately 200,000
nodes, which was an enough number of nodes within a Fluent simulation to calculate
results accurately.
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Figure 5.2: Structural mesh dependence study
Table 5.3: Changes in Oil volume fraction and pressure for different meshes
Mesh Number of Nodes Change in oil volume fraction Change in Pressure
1 546156 - -
2 197541 0.15 % 0.09 %
3 77964 6.31 % 1.46 %
4 49771 9.06 % 3.94 %
5 12987 13.01 % 5.90 %
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5.1.4 Multiphase Model
In Fluent, three models are available for multiphase flow problems. Each model has
its advantage for different types of problems. The VOF multiphase model is a surface
tracking model which can model two or more immiscible fluids by solving a single set of
governing equation. The Eulerian model, which is also used for modeling multiphase
separation, solves momentum, and continuity equations for each phase; thus, it has a
relatively high requirement for computer memory. The Mixture model is a simplified
multiphase model that is used to model flows with different velocities, which is an
ideal model for a sedimentation process. Based on the literature review in Chapter 1
(see, page 16, Table 2.1), the VOF model and Eulerian model are the most popular
two models used in the liquid / liquid separation modeling field. The basic theory of
the VOF model is presented in this section.
The VOF model
The VOF model (Volume of Fluid) is a surface tracking method applied to a fixed
Eulerian mesh [110]. It is ideal for the study of the interface position between two or
more immiscible fluids. In the VOF model, all fluids share a single set of momentum
equations. The volume fraction of each phase is tracked in each cell throughout the
computational domain. In each control volume, the volume fractions of all phases
have a sum of 1. The fields for all variables and properties are shared by the phases
and represent volume-averaged values, as long as the volume fraction of each of the
phases is known at each location. When the volume fraction of phase one is 1 at
certain computational cells, it means only this phase exists in these cells, whereas, if
volume fraction is 0, there is no phase one in these cells. When the fraction is between
0 and 1 (0 < fraction < 1), it indicates that both phases exist in this domain. The
volume fraction equations in this model are as follows:
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The equation for volume fraction variation with time:
∂F
∂t
+∇ · (F~u) = 0 (5.1)
The volume fraction continuity equation:
∂εi
∂t








(ρ~u) +∇ · (ρ~u~u) = −∇p+∇[µ(∇~u+∇~u)] + ρ~g + Fs (5.4)
Fs = 2σκαi∇αi (5.5)
where, σ is the surface tension coefficient, ~u is the velocity, µ is the dynamic viscosity,
αi is the volume fraction of phase i, k is surface curvature.
Model Selection Study
Based on the literature review, there is limited research on the oil / water separation
process and which model is more suitable for multiphase flow simulation with Fluent.
Therefore, in this section, the separation process of oil / water multiphase flow by a
horizontal gravity separator is numerically simulated with CFD methods. A model
selection study has been conducted.
The contours of volume fraction for different models are shown in Figure 5.3 to Fig-
ure 5.5, and constitute one of the most important parameters to define the separation
efficiency and the performance of each model. The variation of phase concentration in
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the separator for three models is also presented in these figures. Red and blue colors
represent oil and water (i.e., the volumetric fractions of the dispersed phase are 1 and
0), respectively. It is found that the VOF model presents the most accurate simu-
lation separation efficiency comparing these three models. As Figure 5.3 shows, the
oil volume fraction at the top layer starts to increase significantly at the beginning.
After 400 s, the oil volume fraction is close to 1 at the top layer.
In Colman’s study [111], he provided a method to measure separation efficiency. In
his measurement, polypropylene was utilized to substitute oil droplets as the dispersed
phase. His results showed that when an oil droplet had a diameter d > 45 µm,
the separation efficiency was over 95 %. In this VOF model, the simulation result
is consistent with Colman’s study. However, in contrast, the Mixture model and
Eulerian model predicted poor separation efficiency, as shown in Figure 5.4 and 5.5.
This indicates that the VOF model is more suitable for modeling oil / water two-phase
separation.
5.1.5 Simulation Setup for Batch Separation
According to the previous model selection study results, the VOF multiphase flow
model is adopted for the rest of this thesis, as well as the laminar model. All separator
walls are maintained as wall interfaces. The Navier-Stokes (N-S) equations are solved
using a pressure-based segregated solver. The Semi-Infinite Method for Pr0essure-
Linked Equation (SIMPLE) algorithm [102] is used to calculate the continuity and
momentum equations. A stable numerical computation is achieved by setting the
under-relaxation factors for pressure and momentum to 0.5 and 0.5, respectively, so
that they sum to 1 for better convergence speed [112]. The time step is 1 x 10−5 s,
and the residual levels for continuity and momentum are 1 x 10−5, which provides a
stable and accurate solution for each simulation case, and captures the oil / water
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Figure 5.3: Volume fraction for VOF model
Figure 5.4: Volume fraction for Mixture model
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Figure 5.5: Volume fraction for Eulerian model
separation process with the described flow characteristics. The momentum equation
is discretized using the Quadratic Upstream Interpolation for Convective Kinetics
(QUICK) scheme [110].
For the batch separation process, initial conditions, such as oil volume fraction,
are set up into the computational domain by using the patch option in Fluent. The
reason for patching the oil volume fraction into the computational domain is that this
is a batch separation process, which means the oil / water mixture is already in the
separator. The oil and water densities are 872 kg/m3 and 998 kg/m3, respectively,
and their kinetic viscosities are 0.023 kg/(m ·s) and 0.001 kg/(m ·s) respectively. The
operational pressure and temperature are 101.325 kPa and 20 ◦C.
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5.1.6 Simulation Setup for Continuous Separation
Same as the batch separation process model, a VOF multiphase model is also selected
for the continuous separation process. For the fluid in the numerical model, liquid
water and oil physical properties are based on the values from the experimental study.
For the flow domain, a default operating pressure of 101,325 Pa is used.
Boundary conditions and parameters
For the solution of N-S and momentum equations, appropriate boundary conditions,
along with initial conditions, have to be applied to the flow. This section presents
the initial and boundary conditions for the simulation study in this thesis: 1) Inlet
boundary conditions. For incompressible fluids, mass inlet and velocity inlet have no
difference because, for constant density, the velocity inlet boundary condition fixes
the mass flow. The pressure inlet defined when the inlet flow rate or velocity is un-
known, or there is no inlet. In this study, both the velocity inlet and pressure inlet
are used in the two modules separately. 2) Outlet boundary conditions. The pressure
outlet condition was used because it often has a better rate of convergence during
iteration. 3) Wall interface conditions. In the conditions of this project, the wall of
the separator is set, and the medium in the cell zone is multiphase flow. The flow has
a no-slip boundary condition. Other parameters, such as roughness, thermal proper-
ties, etc., are set at their default values. 4) Operating parameters. The densities of
oil and water are 872 kg/m3 and 992 kg/m3, respectively. The kinetic viscosity of oil
and water are 2.4 x 10−3 kg/(m · s) and 1.003 x 10−3 kg/(m · s), respectively. The
operation gauge pressure is 1 atm or 101,350 Pascal, and the temperature is 288.15
K.
Solver settings
A pressure-based transient solver was used to calculate the oil / water separation
process. Gravitational acceleration of -9.81 m/s2 was activated on the Y-axis on 2-D
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Table 5.4: Fluent Solver Settings
Solution Methods
Scheme Phase Coupled SIMPLE
Gradient Least Squares Cell Based
Momentum Second Order Upwind
Volume Fraction Geo-Reconstruct
Transient Formulation Second order Upwind
geometry to simulate a gravity-based separator. Table 5.4 lists the types of solution
methods that were used in the Fluent model. Solution methods and schemes were
chosen based on examples in the literature and technical support from the ANSYS cus-
tomer service department. Under-relaxation factors (URF) were set as follows: URF
for pressure was 0.7, with 1 for density, body forces, and energy. URF for momentum
was 0.3 to control the update of computed variables at each iteration. Therefore, to
control the stability and convergence rate of the iterative process. The solution was
initialized with standard initialization and was computed from the inlet with a defined
velocity in the X-direction. Air was patched into the separator. Residual monitoring
was set to absolute criteria of 0.000001 for continuity, u-air, u-oil, u-water, v-air, v-oil,
v-water. The calculation was run with a time step of 0.001 s with a maximum of 50
iterations per time step. The solution was completed for 900,000-time steps and thus
900 seconds of flow time.
Time step independence study
In the transient simulation, besides the mesh, the accuracy of the solution is also
affected by the time step size. Therefore, a time step independence study was con-
ducted to obtain the most accurate of the simulation results. As can be seen in Table
5.5, five different time steps were investigated by using the selected mesh, which was
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Table 5.5: Time Step independence Study
Case Time stpe Pressure Oil volume fraction
1 0.0005 -1.2792 0.9299
2 0.001 -1.2802 0.9287
3 0.002 -1.2969 0.9014
4 0.005 -1.3079 0.8837
5 0.01 -1.3130 0.8756
ranged from 0.0005 to 0.01 s. The most accurate time step size was obtained as 0.0005
s. However, considering the computational costs and the calculation time, a bigger
time step of 0.001 s was chosen. The CFD solution with a 1-millisecond time-step
size showed an insignificant difference in calculation of the pressure and maximum oil
volume fraction.
Based on the above investigation, the simulation setup used in this study is con-
cluded as follows: the multiphase flow model used was the Volume of Fluid (VOF)
with two Eulerian phases, in explicit time integration. For the viscous model, the lam-
inar model was chosen due to the actual flow in Zone 2 being in the laminar regime.
Gravitational acceleration was then activated in the negative y-direction with a value
of 9.81m/s2. The transient process was then defined with a total simulation time
between 15 to 30 minutes for all cases. The time step value was chosen using the
Courant-Friedrich criterion, which is one of the most common ways to check the sta-
bility of an explicit scheme. At each time step, a control-volume based technique was
used to convert the governing equations to algebraic equations that can be solved
numerically. In the initial condition, Zone 1 and 2 had no mixture and were filled
with air. The volume fraction of this was 1. A standard initialization with the Pres-
sure Implicit with Splitting of Operator (PISO) scheme for pressure-velocity coupling
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was chosen. The governing equations, together with the initial and boundary condi-
tions, were solved in Fluent 16.2. Integrating the governing equation for each control
volume yielded discrete equations that conserved each quantity on a control-volume
basis. The set of algebraic equations were solved interactively. When the iterative
cycle was completed, the calculation progressed through the remaining time steps.
5.2 Flow-3D Numerical Simulation Study
Flow-3D (10.0.3) software is another numerical application in the field of fluid dy-
namics with three-dimensional geometry. One of the advantages of Flow-3D is that
it has a short computational time, which can significantly reduce the simulation pe-
riod. Another advantage of Flow-3D is its straightforward simulation setup interface,
which includes a series of graphical menus used to set up a problem. For a numeri-
cal study, computational time and simulation setup are two important factors, which
vary among software. In this thesis, Flow-3D simulation was conducted in order to
compare its results with Fluent to choose an optimized simulation software.
5.2.1 Flow-3D Geometry and Setup
The geometry and mesh generated by Flow-3D are shown in Figure 5.6. The multi-
phase model used in Flow-3D is the drift-flux model. The settlement of drops results
in a rise in upward flow in the separator, and dynamical behavior is well defined with
the drift-flux model [113,114]. The model regards the mixture as a single continuous
flow, and then solves the volume continuity and the momentum equations for the mix-
ture. Also, the mixture has macroscopic properties, such as the bulk viscosity. The
drift-flux model describes the relative flow of the immiscible fluids with different den-
sities. The VOF method, one of the multiphase flow models in Flow-3D [115], enables
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Figure 5.6: Flow-3D Mesh
the tracking of the transient free surface with arbitrary topology and deformations
and has been utilized in this study.
5.3 OpenFOAM Numerical Simulation Study
OpenFOAM (18.02) is open-source software that is written in the C++ language.
OpenFOAM uses the finite volume method to define how the flow variables are ap-
proximated and how the discretization is processed.
In this study, for consistency, the VOF model has been used to simulate the batch
separation process. The continuity equation for the volume fraction [116] is
∂a
∂t
+ (U∇)a = 0 (5.6)
where, a is the volume fraction, and its value is between 0 and 1. In the mixture fluid,
when a = 0, it refers to the oil phase, and when a = 1, it refers to the water phase.
In contrast to Fluent, the mixture properties, such as density and viscosity, are
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calculated based on the volume fraction and according to the following equations:
ρ(X, t) = ρwα + ρo(1− α) (5.7)
µ(X, t) = µwα + µo(1− α) (5.8)
5.3.1 OpenFOAM Geometry and Setup
The same separator geometry used in the experimental study was used in OpenFOAM
(Figure 5.7). The geometry and mesh are defined in the blockMeshDict file. After
running the snappy mesh generating code, the total number of cells is 222,883, faces
mesh is 736,987, and points equal 294,282. Non-orthogonality, or the angle between
the center to the centerline between two neighboring faces, and the max skewness are
both below 1. The mixture of oil and water occupies the whole domain.
The files U, p, alpha 1, k, and epsilon are defined to set up boundary condition
names and values, respectively. All the codes are listed in Appendix K. The specified
values for each condition are the same as the experimental study and Flow-3D values.
The fluid properties is definded in the transportProprieties file. The oil and
water phase is defined as Newtonian flow. Files to define the main proprieties of fluids
are listed as follows:
• File nu defines the kinematic viscosity, and is set to 1 x 10−06 for water and
2.75 x 10−06 for oil.
• File rho defines the density of oil and water, which is set as the same value as
the experimental study; 992 kg/m3 for water and 872 kg/m3 for oil.
• File sigma defines the surface tension between oil and water, set at 0.0356.
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Figure 5.7: Geometry and mesh - OpenFOAM: (a) Isometric view, (b) Front view
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• File g defines the gravity value. Gravity is a uniform vector throughout the
computational domain, which is 9.8 m/s2.
The laminar model is selected in turbulenceProperties file to maintain the con-
sistency with the other two CFD software and to compare the results more accurately.
5.3.2 OpenFOAM Data Output Setting
As highlighted in the OpenFOAM user guide [117], the surface tracking algorithm in
interFOAM is determined by the Courant number. It is defined as follows:
Co =
∆ · |U |
∆x (5.9)
where ∆x is the width of the cell in the velocity direction, and ∆t is the time step.
The maximum Courant number is the ratio of the maximum distance traveled by the
fluid in a time step divided by the cell size. The recommended default value for this
variable is ≤ 0.5. The controlDict file is used to define these values. In this thesis,
four parallel processors were used to calculate the simulation case.
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Chapter 6
Semi - Analytical Model: Results
and Discussion
This chapter is organized as follows: The first section presents the calculation of oil
droplet velocity, and the oil / water interface tracking model is presented in the second
section. Afterward, the semi-analytical model for droplet coalescence is covered in
detail. Last, the validation of the developed model is conducted.
6.1 Critical Time Calculation and Interface Track-
ing
Time is a crucial factor in the development of the coalescence model. Therefore, it is
essential to calculate the critical time for a droplet to achieve the terminal velocity.
If the critical time is very short compared to the coalescence process, the droplet
acceleration time can be neglected; otherwise, the droplet acceleration time needs to
be considered when developing the coalescence model. The critical time is defined in
Eq. 3.36. To solve this equation, a MATLAB code is programmed to calculate the
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Figure 6.1: Oil droplet rising velocity
critical time (tcri) when the oil droplet reaches a steady-state velocity (us−s). The
single oil droplet terminal velocity is about 6.75 x 10−4 m/s (see Figure 6.1). The
critical time for this oil droplet to reach terminal velocity is about 3 × 10−3 second.
This time is negligible when considering droplet coalescence time. Therefore, we
assume that single oil droplet rising velocity is a constant value, vv = us−s.
The vertical location of the oil / water interface is tracked over time. Figure 6.2
compares the CFD simulation prediction and force balance analytical model. The
analytical model is developed based on Stokes’ law, where the longest droplet rising
path predicted by Stokes’ law represents the bottom layer of the mixture.
The interface tracking model predicts a higher interface layer than force balance
(see Figure 6.2). This indicates that the separation process is slower than the Stokes’
law trend. This is because oil droplets separation process involves collision, coales-
cence, and breaking. Each of these contributes to slowing the separation process.
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Figure 6.2: Oil / water interface location tracking with force balance model and
interface tracking model
6.2 Droplet Coalescence Model Development
As presented in Eq. 3.41, a droplet’s rising velocity is proportional to its radius;
therefore, as droplets coalesce, the rising velocity increases. Furthermore, the rate of
coalescence is proportional to the fraction of the dispersed phase as more droplets are
available for collision and coalescence. Thus, to develop a new model for coalescence
during oil / water separation, eleven different numerical predictions were conducted
(see Table 6.1) with varied droplet diameter and oil fraction (εo = Vo/Vtotal).
The terminal velocity of droplets (from Eq. 3.37) with a diameter of 150, 200,
250, and 500 µm was 0.0015, 0.0027, 0.0042, and 0.0167 m/s, respectively. Terminal
velocity was reached in 2.5, 7.5, 10, and 70 ms, respectively (see Figure 6.3), which is
considered negligible in this study.
Figure 6.4 shows the separation process as predicted by Eq. 3.37. The y-axis
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Table 6.1: Numerical study of batch separation cases
Case Oil droplet diameter (m/s) Oil volume fraction
doil(µm) ε
Base case 100 0.2
# 1 150 0.2
# 2 200 0.2
# 3 500 0.2
# 4 200 0.1
# 5 200 0.3
# 6 200 0.4
# 7 200 0.5
# 8 200 0.6
# 9 200 0.7
# 10 200 0.8
# 11 200 0.9
Figure 6.3: Terminal velocity calculation
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presents the droplet rising distance (Yr), which was determined by rising velocity
(vv) and time (t). As illustrated in Figure 6.4 (a) – (c), a force balance model (Eq.
3.37) does not adequately predict the separation process. For example, when the
oil droplet diameter is less than 250 µm, the separation time is approximately 10 s,
according to the analytical model; however, when the oil droplet diameter is 500 µm,
the analytical separation time is less than 2 s. These results do not agree with the
numerical predictions. According to the analytical model assumption, all droplets
have a uniform diameter, which means the analytical model does not include the
droplet coalescence process. Therefore, the separation time predicted by the analytical
model is the longest possible. As shown in Figures 6.4 (a) and (b), when oil droplet
diameter is smaller than 250 µm, the rising time calculated by Stokes’ law requires
more time than the simulation results. However, when the droplet diameter is 500
µm, the analytical model requires less separation time than the numerical simulation;
see Figure 6.4 (c), which is in contradiction to the analytical assumption. Therefore,
the diameter of the droplet after coalescence should be within 250 µm.
Figure 6.5 illustrates a time series of oil volume fraction contours to represent
the oil / water separation process. A zoomed-in region (6.6) illustrates a detailed
view of the coalescence processes and transient accumulation of the oil phase. From
0 to 2 seconds, the majority of oil droplets have not yet experienced coalescence.
In this step, a high density of droplets is formed (see Figure 6.5(a)); the oil phase
has not yet accumulated on the surface as the thickness of the oil phase (Yo) is zero
when t = 2 s (Figure 6.6(a)). From 4 to 12 seconds, the system undergoes multiple
binary droplet coalescence processes. During this stage, a significant amount of oil
is separated from the water to form an oil phase on the surface (Figures. 6.6(b) to
6.6(d)). Also, as illustrated in Figures. 6.6(b) and 6.6(c), the droplets have a variety
of different diameters. After the initial coalescence process, the distance between the
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Figure 6.4: Liquid / liquid separation for droplet diameter of (a) 200 µm, (b) 250
µm, and (c) 500 µm
newly formed droplets is different. Therefore, the time needed for the following binary
droplet coalescence process varies for different droplet pairs. The entire process lasts
approximately 16 seconds, as Yo becomes independent of time (Figure 6.5(e)).
6.2.1 Numerical simulation data validation
The coalescence model was developed based on numerical data for the simpler case
of batch separation. Experiments were conducted, and the results were compared
with numerical data to validate the accuracy of the numerical simulation results. As
illustrated in Figure 6.7, the oil phase began to form approximately two minutes
after the stirrer was turned off, and then the slope increased with time until the
separation was complete. The separation process took approximately eighteen minutes
to achieve full separation, where Y ′ = 20 %. Validation of the numerical results with
experimental data is presented in Figure 6.7. The normalized thickness (Y ′) is used to
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Figure 6.5: Full scale of the separation process presented by oil volume fraction con-
tours for the Base case: (a) t = 2 s, (b) t = 4 s, (c) t = 8 s, (d) t = 12 s, and (e) t =
16 s
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Figure 6.6: Zoomed-in scale of the separation process presented by oil volume fraction
contours for the Base case: (a) t = 2 s, (b) t = 4 s, (c) t = 8 s, (d) t = 12 s, and (e)
t = 16 s.
compare numerical predictions with experimental data. As illustrated in Figure 6.7,
the numerical predictions of liquid / liquid separation agree well with the experimental
data (the average relative error was 13.39 %) for an oil / water fraction of 20 / 80
and a liquid height of 17.76 cm.
6.2.2 Development of droplet coalescence model
Numerical simulations were conducted in ANSYS Workbench 18.2 for 2-D simula-
tion of a gravity-based oil / water separator. The CFD simulation results are plotted
with the growth of separated oil phase with time as described in the sections following.
(A) Oil droplet in the water phase
When the oil volume fraction is less than 0.5, the mixture can be represented as oil
droplets in a continuous oil phase [118]. As illustrated in Figure 6.8, the time for each
coalescence step decreases with the increasing oil volume fraction due to the increased
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Figure 6.7: Liquid / liquid separation for an oil / water fraction of 20 / 80
quantity of droplets in the mixture. The relationship between total coalescence time
and binary droplet coalescence step is a second-order polynomial,
tcoal = ao/w · 22n + bo/w · 2n + co/w (6.1)
where the constants ao/w, bo/w, and co/w are a function of oil volume fraction, and n
is binary droplet coalescence step. They are determined by finding the trendline of
each εo, by finding the relation between the value of ao/w, bo/w, and co/w and the εo.
The steps to determine the relationship between εo and ao/w, as well as bo/w, and
co/w, are presented in detail for the example where εo = 0.2. First, plot the time
needed for each binary coalescence process. According to the simulation results, the
time needed for the first two droplets to coalesce is 2 s; the time needed for the second
coalescence process is 6 s; the time needed for the third coalescence process is 8s. Then
plot the trend line for Eq. 6.1 to get the total coalescence time as a function of binary
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Figure 6.8: The oil droplet in water coalescence model development.
droplet coalescence steps, as shown in Figure 6.8. The same procedure is used for
other oil volume fraction cases.
The next step is to find the relationship between ao/w, bo/w, and co/w and εo
separately. For example, to find the relationship between ao/w and εo, the values of
ao/w for different oil volume fractions are plotted to predict the trend line. This trend
line gives the relationship between ao/w and εo. Also, the same method was used to
predict the relation between bo/w, co/w, and εo separately. As shown in Figure 6.9, the
values of ao/w, bo/w, and co/w are linearly proportional to the oil volume fraction of the
mixture. Also, the values of ao/w and co/w increase with increasing oil volume fraction
and bo/w decreases with increasing oil volume fraction. Substituting the relationship
between the oil volume fraction and ao/w, bo/w, and co/w into Eq. 6.1 provides a new
correlation for coalescence time as a function of oil volume fraction and binary droplet
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Figure 6.9: Correlation constant values calculation for oil droplet.
coalescence steps,
tcoal = fo/w(εo) · 22n + f ′o/w(εo) · 2n + f ′′o/w(εo) (6.2)
where fo/w, f ′o/w(εo), and f ′′o/w(εo)fo/w, f ′o/w(εo) and f ′′o/w(εo) represent the value of
ao/w, bo/w, and co/w as a function of εo, respectively.
Figure 6.10 shows how the new coalescence correlation for oil droplets in water
(Eq. 6.2) can be used with a force balance (Eq. 3.37) to obtain accurate predictions of
liquid / liquid separation dynamics. There is a strong correlation between numerical
prediction and Eq. 3.43. (see Figure 6.8). Take the results of εo = 0.2 as an example.
As presented in Figure 6.10 (b), four binary oil droplets coalescence processes are
predicted as there are three velocity steps. Comparing the results of the coalescence
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model (Eq. 3.43) with the force balance (Eq. 3.37), one can see that Eq. 3.43, i.e.
the coalescence model gives a high accuracy in predicting the oil droplets coalescence
process obtained with simulation (average relative error within 10 %).
The developed coalescence model can be combined with a force balance method
to predict the separation dynamics with an average error of 7.4 %, 9.2 %, 7.2 %, and
5.9 % for each simulation case as shown in Figure 6.10 (a) – (d), respectively. Even
though the proposed coalescence model only applied force balance with droplet coa-
lescence to predict the separation process, it has significantly improved the accuracy
compared to the force balance model only, which had an average error in the range
of 35 % to 50 %. However, as noted previously, studies [89–93] show that droplet
coalescence is a complex process which includes coalescence frequency, coalescence ef-
ficiency, and collision frequency. In the present model, all these factors are simplified
into the force balance with the binary droplet coalescence process.
(B)Water droplet in the oil phase
When the oil volume fraction is more than 0.5, the mixture can be treated as water
droplets in a continuous oil phase [119]. The coalescence model can still follow Eq.
3.41 and Eq. 6.2, but it is for the water droplets coalescence process. Therefore,
the coalescence model for water droplet is shown in Eq. 6.3. The same droplet size
is used in this simulation study, dw = 100 µm. As demonstrated in Figure 6.11,
the time required for each coalescence step decreases with the increasing oil volume
fraction due to the decreased quantity of water in the mixture. First, it is assumed
that the relationship between the coalescence time and binary droplet coalescence is
a second-order polynomial,
tcoal = aw/o · 22n + bw/o · 2n + cw/o (6.3)
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Figure 6.10: Oil droplets in the water phase coalescence process production compar-
ison: (a) oil volume fraction = 0.1. (b) oil volume fraction = 0.2. (c) oil volume
fraction = 0.3. (d) oil volume fraction = 0.4.
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Figure 6.11: The water droplet in oil coalescence model development
where the constants aw/o, bw/o, and cw/o are functions of oil volume fraction. The
same method which is used to determine the value for ao/w, bo/w, and co/w is utilized
to determine the value for aw/o, bw/o, and cw/o.
The relationship between constants aw/o, bw/o, and cw/o and εo is indicated in
Figure 6.11. For example, when εo = 0.6, the time needed for the first binary droplets
coalescence is 2 s; the time needed for the last binary droplets coalescence is 6 s. Then
the trend line for total coalesces time can be found by Eq. 6.3, which is shown in
Figure 6.11. As predicted by the trend line, the constant cw/o is independent of εo.
The average value for cw/o is 2.5. All the solutions for Eq. 6.3 are combined to develop
the relationship between aw/o, bw/o and εo. The results are illustrated in Figure 6.12,
where aw/o and bw/o is linearly proportional to εo. The value of aw/o slightly decreases
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Figure 6.12: Correlation constant values calculation for water droplet.
with εo while bw/o increases dramatically with εo. Combining the relationship for oil
volume fraction with aw/o and bw/o in Eq. 6.3, we obtain the new correlation for
coalescence time (tcoal) as a function of εo and binary droplet coalescence steps,
tcoal = fw/o(εoil) · 22n + f ′w/o(εoil) · 2n + 2.5 (6.4)
where, f(w/o), f ′(w/o)(εoil) and f ′′(w/o)(εoil) represents the constants aw/o, bw/o, and cw/o
as a function of εoil, respectively.
As illustrated in Figure 6.13, the new coalescence correlation for oil droplets in
water (Eq. 6.4) can be combined with a force balance (Eq. 3.37) to obtain accu-
rate predictions of liquid / liquid separation dynamics. As presented in Figure 6.13,
both the coalescence process and coalescence time decrease as the oil volume fraction
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increases. Similar results were found by Kocherginsky et al. [37]. By studying the
demulsification process of water droplets, they found that an increase in the initial
water volume fraction results in the decrease of flux, therefore, decreasing the water
content in the product oil. According to the coalescence mechanism proposed in their
study, a decrease in flux results in an increase of coalescence.
The coalescence model developed here is based on the binary droplet coalescence
process, which then updates the droplet force balance equation (see Eq. 3.43) by
applying the new droplet diameter. The numerical prediction, the updated force
balance equation with the coalescence model, as well as the simplified force balance
equation from Stokes law are compared in Figure 6.13. A strong match between the
numerical prediction and Eq. 3.43 is shown. For example, four binary oil droplets
coalescence processes are predicted as there are three velocity steps presented in Figure
6.13 (c), where εo = 0.8. Comparing the results of the coalescence model (Eq. 3.43)
with force balance (Eq. 3.37) for water droplets in the oil phase, one can see that
the Eq. 3.43 coalescence model shows high accuracy in predicting the water droplets
coalescence process (relative error within 15 %).
In Eqs. 6.2 and 6.4, it assumed that droplets have the same diameter, which
is difficult to fully achieve in fluid mixtures. However, a previous study conducted
by John et al. [103] found that over 90 percent of droplets are distributed around a
mean droplet size, with an average error of 3.6%. In the study, they used a particle
video microscope to measure water droplet sizea in an oil phase with various mixing
conditions. Therefore, in this study it is assumed the droplets have the same diameter.
Droplets with different sizes are the other main source of uncertainty in this model.




Figure 6.13: Water droplets in the oil phase coalescence process prediction compar-
ison: (a) oil volume fraction = 0.6. (b) oil volume fraction = 0.7. (c) oil volume
fraction = 0.8. (d) oil volume fraction = 0.9.
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6.2.3 Coalescence model validation
To validate the model Eq. 6.2 and Eq. 6.4, two numerical simulations were conducted
with an oil volume fraction of 0.25 and 0.75, respectively. The value of a, b, and c
for each case based on the correlation models and coalescence time based on Eq. 3.41
and Eq. 6.1 are listed in Table 6.2.
The droplet rising distance with time is plotted using models predicted in Eq.
3.43. A comparison of the droplet rising distance with time results obtained from
simulation, force balance, and force balance with coalescence, are shown in Figure
6.14 and 6.15. In the oil droplet in water case, εo = 0.25, the coalescence time for
the first binary step is 2 s; the coalescence time for the second binary step is 5 s;
the maximum number of binary steps is 3, which takes 6.5 s for coalescence. The
coalescence time increases with the increase of the coalescence step. At this time, the
oil droplets are all separated from the water phase. The same trend is also reported by
another study [120]. Five simulations were conducted to investigate the relationship
between the separation distance between two droplets and coalescence time. Their
results show that a higher value of the distance leads to a longer coalescence time.
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Figure 6.14: Oil droplets in the water phase coalescence model validation: oil volume
fraction = 0.25.
There are two possible reasons for this trend. One of the reason is due to the longer
approaching time between two droplets. The other reason is due to the less efficient
conversion of kinetic energy to surface energy.
Meanwhile, when εoil = 0.75, the maximum number of binary steps for water
droplets is 4. As shown in Figure 6.15, the time needed for droplet coalescence is
reduced when compared to the oil volume fraction of 0.25. Validation results show
that the proposed binary droplet coalescence model is capable of predicting the liquid
/ liquid separation process with average relative error for both cases of 6.3 % and 4.8
%, respectively.
The proposed coalescence model only applied force balance with droplet coales-
cence to predict the separation process. As previous studies have stressed, the droplets
coalescence process is a complex process that includes coalescence frequency, coales-
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Figure 6.15: Water droplets in the oil phase coalescence model validation: oil volume
fraction = 0.75
cence efficiency, and collision frequency. Also, there are several mechanisms that
trigger a collision. All these factors contribute to the complexity of the oil / water
droplet coalescence process. However, for this model, all these factors are combined
into the force balance equation with the binary droplet coalescence process. This
combination results in a relatively fundamental separation process compared to other
coalescence models. The results of this work provide a useful new tool to predict
liquid / liquid separation dynamics.
6.3 Summary
In this chapter, a new correlation was developed to predict droplet coalescence in
liquid / liquid separation based on oil volume fraction and binary droplet coalescence.
The new correlation has been developed using a numerical method based on a force
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balance method in order to predict the separation dynamics of the droplets. The
method has an average accuracy of 94.5 % based on the average error of the validation
with experimental results. In order to predict the separation process, all the factors
associated with the complexity of the oil / water droplets coalescence process are
taken into account through the force balance between binary droplet phases. This
combination results in a model that is relatively simple compared to other coalescence
models proposed in the literature. These results provide a much simpler and more
accurate tool to predict liquid / liquid separation dynamics.
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Chapter 7
Numerical Simulation: Results and
Discussion
This chapter discusses the main results of the numerical simulations. The various
operational conditions that can have an effect on oil volume fraction, as well as the
separation process with the oil volume fraction and pressure distribution over time,
are presented and discussed in this chapter.
The location of the interface layer was used to track the separation process. As
shown in Figures 7.1 and 7.2, Location 1 (L1) represents the bottom of the interface
layer, which means there is only a water phase under Location 1. Location 2 (L2)
represents the top of the interface layer. Dimensionless time (t*) and dimensionless
distance (y*) were used to analyze the effect of operating factors on the separation
process, as shown in the following equation:
t∗ = ν · t
yt2 · εw
(7.1)
where, ν is the kinematic viscosity of water in m2/s, yt is the theoretical thickness
of the multiphase fluid, which represents the height of fluid in the separator, t is the
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Figure 7.1: Sampling location in computational domain
Figure 7.2: The distribution of mixture in the separator
resident time (see Figure 7.2).




where, yr is the thickness of the separated water phase at t resident time (see Figure
7.2), εw is the water volume fraction. The value of y∗ ranges from 0 to 1.
These dimensionless variables are used in this chapter to analyze most of the
results from the CFD simulation predictions.
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7.1 Validation of the ANSYS Fluent Model
The oil volume fractions for both the experimental study and the simulation study are
presented here. The sampling points used here are Point 1, 2, 3 in Figure 7.1 (Page
101). The average value of three points is used to compare with numerical results.
The oil volume fraction curve obtained from the numerical simulation model shows
a dramatic drop in the oil volume fraction at the very beginning (t∗ < 200) of the
operation. The oil volume fraction decreases very slightly when the t∗ ranges from
650 to 2000.
In this study, two numerical operating conditions with different oil volume frac-
tions were investigated to validate the numerical model. As shown in Figure 7.3 and
7.4, both numerical prediction results generally showed a good agreement with the
experimental results. This agreement demonstrates that the numerical model setting
is suitable and the numerical prediction results are accurate enough for the other
simulation cases. The fundamental operating condition case was selected, where the
oil volume fraction was 0.2, the operating temperature was 20 ◦C, and the inlet flow
velocity was 0.0137 m/s. The other operating condition with oil volume fraction was
0.5.
7.2 Numerical Software Simulation Results Accu-
racy Comparisons
To compare the simulation results among three different commercial CFD software,
the same separator geometry used in the experimental investigation, and the same
operating conditions as the base case in Fluent were also investigated in Flow-3D
and OpenFOAM. That means for all comparable cases, the flow rate is 1.0 GPM , oil
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Figure 7.3: Validation of numerical results: Inlet velocity = 0.0137 m/s, εoil = 0.2, T
= 20 ◦C
Figure 7.4: Validation of numerical results: Inlet velocity = 0.0137 m/s, εoil = 0.5, T
= 20 ◦C
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Figure 7.5: Three software comparison for the base case study.
volume fraction is 0.2, temperature is 20 ◦C, and pressure is 101.325 kPa.
The comparison of results from Fluent, Flow-3D, and OpenFoam is shown in
Figure 7.5. In this figure, we can see that the Flow-3D presents the least accurate
simulation results. However, the advantage of Flow3D is that it is able to provide
approximate results very quickly in terms of computational time. For instance, the
computational time for the Base Case using Flow-3D is around 15 min in this study;
however, the computational time for Fluent is more than two weeks. The absolute
average error between Fluent and OpenFoam results is 16.6 %, which means Fluent
provides the most accurate results among the three software packages. Based on these
results, all the simulation predictions are using ANSYS Fluent in this study.
The separation processes simulated by Fluent, Flow-3D, and OpenFoam are pre-
sented in detail in Appendix D, F, and H, respectively.
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7.3 Investigated Cases
The systematic study of operating conditions, including inlet velocity, oil volume
fraction, temperature, and pressure, are listed in Table 7.1. All the values in the Base
Case are maintained in the experimental study. The minimum oil volume fraction of
0.2 and an inlet velocity of 13 × 10 −3 m/s are selected according to the measurement
range of the flow meter. A temperature of 20 ◦C is selected for the Base Case. The
separation process operates in atmospheric conditions. For the investigated cases, the
ranges of inlet velocity are determined by terminal velocity; oil volume fractions of
0.2, 0.5, and 0.8 are used to create different multiphase flow systems; the range of
temperatures and surface tensions were determined by the linear relation in Sydney’s
[105] study.
For all investigated cases, the selected separation time is 900 s. In the separator
design section, 15 min resident time was sufficient for oil droplets to separate from
the water phase. The flow is laminar flow with various inlet flow speeds. Also, all
simulations use the VOF multiphase simulation model. The simulation process is
completed for 900,000-time steps (900 s). The base case involves the same material
property and operating conditions as the experimental study. Excluding the base
case, all the investigated cases involve modified operational conditions.
For Case 1 and 2, the inlet velocity was set to 0.0274 and 0.0352 m/s. For Case 3
and 4, the oil volume fraction was 0.5 and 0.8. For Case 5, 6, and 7, the temperature
was 32, 40, and 50 ◦C. For Case 8, For Case 9, and Case 10, the operating pressure
was 50, 100, and 150 psi. The summarized properties of all the investigated cases are
presented in Table 7.1.
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Table 7.1: Simulation Cases
Case Inlet velocity Oil VOF Temperature Pressure Surface tension
(m/s) εo ◦C kPa N/m
Base Case 0.0137 0.2 20 101.325 0.0356
Case 1 0.0274 0.2 20 101.325 0.0356
Case 2 0.0374 0.2 20 101.325 0.0356
Case 3 0.0137 0.5 20 101.325 0.0356
Case 4 0.0137 0.8 20 101.325 0.0356
Case 5 0.0137 0.2 32 101.325 0.0356
Case 6 0.0137 0.2 40 101.325 0.0356
Case 7 0.0137 0.2 50 101.325 0.0356
Case 8 0.0137 0.2 20 344.738 0.0356
Case 9 0.0137 0.2 20 698.476 0.0356
Case 10 0.0137 0.2 20 1,034.214 0.0356
Case 11 0.0137 0.2 20 101.325 0.0365
Case 12 0.0137 0.2 20 101.325 0.0389
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7.4 Impact of Various Operating Conditions
This section discusses the numerical simulation results predicted by Fluent.
7.4.1 Effect of oil volume fraction
Variations of oil volume fraction have an impact on the viscosity and density of the
mixture, which affects the flow conditions in the separator and further influences the
separation process. The mixing system can be divided into two systems with the oil
volume fraction is 0.5. When the oil volume fraction is less than 0.5, the mixture is
defined as oil droplets in the water system, and the water phase as continual phase;
however, when the oil volume fraction is more than 0.5, water is the dispersed phase,
and oil is the continuous phase. Figure 7.6 presents the contour plot of oil volume
fraction at resident time t = 900 s, which provides sufficient residence time for the
dispersed phase to reach its maximum separation efficiency. Figure 7.6 illustrates
the contours of oil volume fraction for the fluid, after separation, for three different
initial εo. In addition, since the separation process reached its maximum separation
efficiency, Figure 7.6 cannot show the effect of various initial εo on the separation
process; therefore, the variation of y* with t* are presented in Figure 7.7.
As illustrated in Figure 7.7, the transient location of y* is slightly affected by the
oil volume fraction. When the oil volume fraction ranges from 0.2 to 0.5 (oil droplets
are dispersed in the water phase), an increased oil volume fraction requires more time
for L2 (location of L2 (top of the interface layer, see Figure 7.1)) to reach the same y*
location. The same trend applies to water droplets in a continuous oil phase (when the
oil volume range is 0.5 - 0.8). Also, when the oil volume fraction is 0.8, the mixture is
defined as water droplets in a continuous oil phase, which means the dispersed phase
(water) had the same volume fraction as the oil volume fraction (0.2).
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Figure 7.6: Contour plots of oil volume fraction: (a) εo = 0.2, (b) εo = 0.5, (c) εo =
0.8
Figure 7.7: Impact of oil volume fraction (vof) on separation efficiency
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7.4.2 Effect of temperature
The operating temperature is also a major factor for oil / water separation, as it
affects the thermophysical properties of oil and water, such as density and viscosity.
Four different operating temperatures between 20 and 50 ◦C were investigated. As
illustrated in Figure 7.8, increasing temperature increases initial separation speed by
reducing the oil viscosity; hence, increasing the oil droplets rising velocity. However,
in Figure 7.8, the curves values overlap for t*>0.4. This phenomenon suggests that
with enough resident time, the oil / water separation efficiency is independent of
temperature. According to droplet force balance, droplet diameter is the critical
factor that controls the droplet rising velocity, which is independent of operating
temperature. Therefore, the effect of temperature is not significant for the overall oil
/ water separation. The overlapped curves also indicated that when the resident time
is 900 s, investigation cases 5 to 7 share the same oil volume fraction distribution as
the Base Case. The oil volume fraction contour plot of the Base Case, as shown in
Figure 7.6 (a).
7.4.3 Effect of operating pressure
Operating pressures of 101.325, 344.738, 689.476, and 10134.214 kPa are investigated.
Since the pressure distribution is the same in the horizontal direction, it only changes
in the vertical direction; therefore, a cross-sectional area is selected to demonstrate the
contour plot of pressures fields, as presented in Figure 7.9. All four investigated cases
present a similar pressure distribution trend that the bottom of the separator has the
highest pressure, and the top has the lowest pressure. This is because the density
of water is higher than the density of oil, as the maximum separation efficiency is
approached, the water phase formed at the bottom, with a relatively higher pressure
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Figure 7.8: Impact of temperature on separation efficiency
than the oil phase at the top. The effect of operating pressure on the separation
process is presented in Figure 7.10. The slope of the curves decreases with increasing
operating pressure, which means that separation speed decreases with pressure. As
illustrated in Figure 7.10, to reach the same height (y*=0.3), t* needs to be 0.016 and
0.025 for the operating pressure of 101.325 kPa and 1034.214 kPa, respectively. This
indicates that increased pressure can significantly increase the time to separate oil
from water. The reason for increasing the separation time is because a high pressure
limits the oil droplet rising velocity. Also, the effect of pressure on separation declines
as pressure increases. When pressure is over 689.476, the pressure effects on y* can
be neglected, which is confirmed by comparing the results of pressure 689.476 and
1,034.214 kPa in Figure 7.10. The vertical distance between lines is reduced until
they almost overlap with each other.
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Figure 7.9: Contour plots of pressure distribution: (a) P = 101.325 kPa, (b) P = 344.738 kPa, (c) P = 689.476 kPa, (d)
P = 1034.214 kPa
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Figure 7.10: Impact of pressure on separation efficiency
7.5 Oil volume fraction contour and velocity vec-
tor
The oil volume fraction in the water phase is presented in this section. Due to the fact
that the top area of the separator only has the air phase, with no oil or water phase, the
oil volume fraction is zero. To understand the distribution feature of the separation
process, the contour of the oil volume fraction in separator Zone 2 at 300, 600, and 900
s is shown in Figure 7.11. There is a region where the separated oil phase was moved
vertically but firmly upward, and the thickness of the separated phase increases with
time, as presented in Figure 7.11. The maximum oil volume fraction in the oil phase is
0.98. As the separation process starts and continues, the water volume fraction in the
bottom layer increases as the oil volume fraction decreases with time. In the top layer,
the oil volume fraction increases while the water volume fraction decreases. Thus, the
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separated water phase and oil phases form in the separator. Also, the oil volume
fraction distribution results show that there is a mixed zone in the entrance where
the oil volume fraction is relatively low compared to the same vertical location of the
rest of the separator. This is because the oil volume fraction in this mixture is 0.2,
which is relatively lower than the volume in the separated phase. When the mixture
combines with the separated oil phase at the entrance, it results in the divergence of
the oil volume fraction in that area.
The fluid velocity vectors at Zone 1 are shown in Figure 7.12. The evaluation of
the mixing properties at different times has been restricted to the visual observation
of the velocity profiles. To obtain a clear and detailed velocity vector, considering the
size of Zone 2, only 1/8 of the length of Zone 2 was chosen. The fluid was dispersed at
the bottom of the separator, where oil droplets start to rise because of the buoyancy
effect. The general flow patterns for the configurations presented high velocities at
the inlet. At t = 300 s, as the flow reaches the bottom, the velocity drops significantly.
In Zone 2, oil droplets move with constant velocity, which follows Stokes’ law.
As the filling process continues, at t = 600 s, the fluid level inside the tank rises;
therefore, there is a small mixing zone near the inlet due to high relative velocity.
The velocity drops back to the terminal velocity after the mixing zone. The mixing
zone area becomes more significant when the fluid level is close to the same vertical
height as the vertical location of the inlet pipe, as shown when t = 900 s in Figure
7.12. Also, a minimal vortex zone is obtained when t = 900 s, which are similar
to the previous simulation of hydrodynamic characteristics, presented by Behin and
Bahrami [45] which used a small-scale three-dimensional separator to model the flow
pattern through the separation process. Mixing zone, plug zone, and dead zone were
defined according to the velocity vector in their study. Their results also proposed
that an increase in the inlet flow rate results in an increase in mixing zone volume.
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Figure 7.11: The contour of oil volume fraction: (a) Initial oil volume fraction = 0.2
(b) Initial oil volume fraction = 0.5
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Figure 7.12: Velocity vector : (a) Initial oil volume fraction = 0.2, left: v = 0.0137m/s,
right: v = 0.0274m/s (b) Initial oil volume fraction = 0.5, left: v = 0.0137m/s, right:
v = 0.0274m/s
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However, the main objective is to estimate the trends of the flow behavior in Behin
and Bahrami’s study [45], such as the percentage of mixing zone volume and dead
zone volume.
7.6 Effect of the velocity on the mixing length
There is a mixing zone formed at the entrance of the inlet, as shown in Figure 7.11.
The mixing length depends on the inlet velocity. Therefore, the velocity effect on the
mixing length is investigated in this section. The velocity simulation cases are listed
in Table 7.2, and divided into three regions. Region 1 is when the inlet velocity is
less than 0.1 m/s, Region 2 is when the inlet velocity is between 0.1 and 0.5 m/s, and
Region 3 is when the inlet velocity is between 1.0 and 2.0 m/s. The data is taken from
Line 2 in Figure 7.1. The mixing length was determined by the average horizontal
length over different times when the oil volume is 1.
The results and comparison of the inlet velocity effect on mixing length are pre-
sented in Table 7.2. Increasing the inlet velocity increases the mixing length. In
Region 1, the Re number of the fluid in the separator is less than 20, and the oil /
water multiphase fluid is in the laminar range. One of the characteristics of laminar
flow is that the fluid moves relatively slowly, and the inlet velocity has little impact on
the overall flow. Fluid velocity varies in Region 2, where the Re number of the fluid
in this area is 50 < Re < 150. The multiphase flow in the separator is still a laminar
flow. However, the mixing length is doubled due to the increase in inlet velocity. In
Region 3, the Re number of the fluid in the separator ranges from 500 to 1000, which
means fluid in the separator is in the transient range.
As shown in Table 7.2, the mixing length increases sharply from Region 1 to
Region 3. The main reason is that oil droplets increase inlet velocity as the droplet
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Table 7.2: Impact of inlet velocity on mixing length
Region Cases Velocity Mixing length Percentage
(m/s) lm(m) lm/L(%)
Region 1 Case 1 0.0137 0.028 1.57
Case 2 0.0274 0.099 5.57
Case 3 0.0374 0.29 16.3
Region 2 Case 4 0.105 0.555 31.2
Case 5 0.274 0.639 35.9
Region 3 Case 6 1.05 1.40 78.8
Case 7 1.5 1.42 79.9
Case 8 1.75 1.56 87.8
horizontal velocity increases. In the same separation time, oil droplets move further.
This results in a longer mixing length.
7.7 Summary
In this chapter, simulation results were also validated by the experimental results
under the same operating conditions for oil / water separation efficiency. The studies
of different CFD software results show that Fluent presents the most accurate predic-
tions. Thus, more CFD modeling used the Fluent software to simulate the dynamic
fluid effects in a gravity separator. Further, detailed simulations were performed to
study oil / water separation in a filling process.
Also, oil volume fractions and the velocity vector distribution in the separator
were investigated. Both of the results show that there was a mixing zone located at
the entrance, which has a relatively lower oil volume fraction and a higher velocity.
In addition, this study analyzed the inlet velocity’s affect on the mixing length, and
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the results show that it was closely related to the inlet velocity. When the fluid in the
separator was in the laminar region, the mixing length was less than 40 % of the total
separator length; however, increasing the inlet velocity until the fluid in the separator




Predictive Correlation of Oil /
Water Separation
In this chapter, the numerical prediction results and the investigation of the relation-
ship of the selected dimensionless groups are discussed. The relationship between the
dimensionless groups, Re number, Eu number, and We number is determined under
the same separation efficiency value at the outlet. The correlation is presented and
analyzed using nonlinear regression on the x-y Cartesian coordinate system. Man-
ual iterations are performed to determine the coefficients in the general correlation
relationship.
A study of operation conditions, including inlet velocity, oil volume fraction, tem-
perature, and pressure, are listed in Table 8.1. With the same operating conditions,
the results of the Base Case and Case 0 are compared with experimental results to
validate the simulation model of this numerical study.
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Table 8.1: Summary of Simulation Cases
Case Inlet velocity Oil Temperature Pressure Surface tension Viscosity model
(m/s) vof ◦C kPa (N/m)
Base Case 0.0137 0.2 20 101.325 0.0356 Laminar
Case 0 0.0137 0.2 20 101.325 0.0356 Turbulent
Case 1 0.0274 0.2 20 101.325 0.0356 Laminar
Case 2 0.0374 0.2 20 101.325 0.0356 Laminar
Case 3 0.0137 0.5 20 101.325 0.0356 Laminar
Case 4 0.0137 0.8 20 101.325 0.0356 Laminar
Case 5 0.0137 0.2 32 101.325 0.0356 Laminar
Case 6 0.0137 0.2 40 101.325 0.0356 Laminar
Case 7 0.0137 0.2 50 101.325 0.0356 Laminar
Case 8 0.0137 0.2 20 344.738 0.0356 Laminar
Case 9 0.0137 0.2 20 698.476 0.0356 Laminar
Case 10 0.0137 0.2 20 1,034.214 0.0356 Laminar
Case 11 0.0137 0.2 20 1,034.214 0.0356 Laminar
Case 12 0.0137 0.2 20 1,034.214 0.0389 Laminar
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Figure 8.1: Comparison between experimental data and model predictions for the
base case
8.1 Validation of the CFD Model
Two numerical prediction methods using a turbulent model and a laminar model,
were compared with the experimental results to obtain the more precise method for
this study. The oil volume fraction curve obtained from the numerical simulation
model showed a dramatic drop in oil volume fraction at the very beginning (first two
minutes) of the operation. The oil volume fraction decreased very slightly from 5
minutes to 15 minutes. After 15 minutes, the separation process reached a steady-
state process. As illustrated in Figure 5, the trend of the oil volume in water for the
CFD simulation study was similar to the experimental results, with an mean error of
2.76 %, and the maximum error of 7.54%.
If the fluid in the separator is laminar, the flow in the separator can be treated




, where, RH = AP . The Reynolds number in the Base Case is between 5
and 75. Therefore, the oil / water flow in the separator is laminar.
8.2 Correlation Model Development
The numerical prediction results and the investigation of the relationship of the se-
lected dimensionless groups are discussed in this section. The relationship between
the dimensionless groups is determined under the same separation efficiency value at
the outlet. The correlation is presented and analyzed using nonlinear regression on the
x-y Cartesian coordinate system. Manual iterations are performed to determine the
coefficients in the general correlation relationship. The simulation data are analyzed


















8.2.1 Reynolds number (Re)
Correlation of the Reynolds number is created by varying the inlet velocity, density,
and viscosity of the mixture, and the Reynolds number in a range of 5 6 Re 6 75.
The viscosity is changed by using different oil volume fractions (εo), as seen in Eq.
3.47 and 3.48. The correlation development of Π1 as a function of the Re number
is shown in Figure 9. The exponent correlation for the relationship between Π1 and
Re term is 0.1915, with an R-squared of 0.9188. The Reynolds number has a direct
correlation with the separator geometry design; thus, an increase in Re requires a
separator with a larger length to height ratio.
The results are shown in Figure 8.2 indicate that the required separator size in-
creases with Re. This behavior is in line with our expectation of the effect of Re on
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Figure 8.2: The effect of Re number on separator size design
oil/water separation efficiency. As the Re number increases, i.e., the importance of
the viscous force with respect to the inertial forces increases, the separation efficiency
decreases. Therefore, a bigger separator is required to maintain the same separation
efficiency. These results are only for low Re numbers, where the fluid is in the laminar
region. For small Re numbers, Rieber and Frohn [121] conducted a simulation study to
analyze the droplet collision behavior. Collision frequency decreases with the increase
of the Re number in this regime. One of the reasons for this phenomenon, according
to Rieber and Frohn, is that the initial kinetic energy dissipates after the collision of
the two droplets. These simulation results were also validated by the experimental
study conducted by Qian and Law [122].
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8.2.2 Euler number (Eu)
The Eu number represents the ratio of the pressure forces to the internal forces,
which is used for analyzing fluid flow dynamics where the pressure is important.
In this study, the correlation between separator geometric design and pressure is
investigated based on the Euler number. The exponent of the correlation shown
in Figure 8.3 indicates that the operational pressure has a direct correlation with
separator geometry, i.e., increasing the operating pressure requires a separator with
a larger length to height ratio. The reason for this trend is that the Euler number
is a dimensionless group that represents the ratio of pressure forces to inertial forces;
thus, for a higher Euler value, a larger separator geometry is required to main the
same separation efficiency. Luiz et al. [123] found a similar effect of Euler number on
the hydrocyclone separator. In the study, to achieve the separation duty, the energy
cost of the separator increases with an increase in Euler number.
The correlation developed for Euler number is in the range 0 6 Eu 6 6.0 x 106.
In this range, the new Euler number correlation presents a high accuracy; as shown
in Figure 8.3, the R-square is 0.9055. According to the correlation, the value of n2 is
0.235.
8.2.3 Weber number (We)
The Weber number is mainly used for studying the interface between two fluid, such
as oil and water interface. The developed correlation of the Weber number presents
a negative exponent with separator geometry, as illustrated in Figure 8.4. The value
of n3 is -0.214, with R-square of 0.9768. The negative exponent relationship means
that the required separator size decreases with the Weber number. In an oil / water
mixture, the surface tension determines the shape of oil droplets in the water. When
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Figure 8.3: The effect of Eu number on separator size design
a surface tension gradient is generated between interfaces, it increases the pressure in
the space between them, which results in the increase of oil/water separation efficiency.
Therefore, a separator with a smaller length to height ratio is sufficient to maintain
the same separation efficiency. The correlation developed in the range 0 6 We 6.
According to the results in this study, when the Weber number is less than 3, the
higher oil / water interfacial tension leads to greater droplet collision efficiency, which
improves the separation efficiency and requires a separator with a smaller length to
height ratio. The experiment of Jiang et al. [124] investigated the coalescence behavior
of droplets. In their study, they found that increasing the Weber number increases the
coalescence efficiency, thus improving the separation efficiency. This, in turn, requires
smaller separator size to maintain the same separation efficiency. Similar effects of
Weber number on the droplet breakup process are also confirmed by Jain et al. [125].
Their study found that at a low range of Weber number (We < 12), droplet breakup
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Figure 8.4: The effect of We number on separator size design
speed is decreased with the increase of Weber number.
In order to create a correlation with better accuracy, a larger R2 value is used,
and the second manual iteration was conducted. The values of n1, n2, n3, and C were
calculated with respect to the numerical simulation results. The improved correlations
are listed in Table 8.2. The minimum value of R2 increased by 8.3% to a value of
0.9807.
Table 8.2: The comparison of two iteration values
Constants First manual iteration Second iteration
Exponent R2 Exponent R2
n1 0.1915 0.9055 0.4055 0.9807
n2 0.235 0.9788 0.2383 0.99968
n3 -0.214 0.9768 -0.232 0.9868
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Figure 8.5: x/h versus the combined dimensionless groups
To determine the value of C, the slope of the correlation lines were combined with
all the dimensionless groups with respect to x/h, as shown in Figure 8.5. The final
correlation model developed in this study is:
x
h
= 0.3307 · (Re)0.4055 · (Eu)0.2383 · (We)−0.232 (8.2)
8.3 Correlation Validation
Two new simulations for different conditions of oil / water multiphase flow were con-
ducted, which is to validate the new correlation (Table 8.3). The validation range of
the correlation is limited to the studied domain of the parameter and phase properties
of oil and water.
As illustrated in Figure 8.6, the simulation results are close to the correlation’s
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Table 8.3: Validation for simulation cases
Pressure Oil volume fraction Mixture density Mixture viscosity
Pa αo ρm µm
689,475 0.5 9355 0.1441
1,034,214 0.8 897.2 0.2298
Figure 8.6: Comparison of the numerical simulation results with the correlation model
predicted values, with an average error of 1.7 % and a maximum error of 4.38 %
between the two methods. In industrial applications, the new correlation developed in
this chapter, Eq. 8.2 provides new insights into separator design for various operating
conditions as well as new insights into the operating conditions that will achieve
high separation efficiencies. As a further validation, the effect of inlet flow rate,
which refers to Re number in this study, on separator size is compared with previous
studies [97, 126]. The results from Ref. [126] proved that an increase inlet flow rate
reduces the separation efficiency. Also, based on their model, a larger separator is
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required to maintain the same separation efficiency. Even the exact separator length
and height ratio are not provided in their work; however, their results obtained the
same design requirement as our correlation predicted with Re number from 2 to 500.
8.4 Summary
A series of gravity-based, oil / water separation simulations were conducted to in-
vestigate the relationship between separator geometric design and multiphase fluid
density (ρm), multiphase fluid viscosity (µm), fluid velocity (v), surface tension be-
tween two phases (σo/w), and operating pressure (P ) by using a dimensionless analysis
method. The CFD model was validated with experimental data. Then, a paramet-
ric study was conducted using different values of inlet velocity, oil volume fraction,
temperature, pressure, and oil / water interfacial tension.
The simulation results revealed that the oil volume fraction has a complex effect
on the separation process due to the different fluid mixture systems. Higher operating
temperature increases the droplet rising velocity, but it does not change the overall
separation efficiency. Operating pressure has a significant effect on the oil / water
separation process by affecting the separation time. As found in this section, a rise
of pressure greatly increases the separation time.
Also, the results presented in this chapter indicate that the minimum theoretical
length of the separator increases with Re number and Eu number; however, it de-
creases with We number. Finally, a new correlation (Eq. 8.2) has been developed







9.1.1 Conclusions of coalescence model development
In this work, a high-level semi-analytical model of droplet coalescence was developed
to predict droplet coalescence in liquid / liquid separation. The model is based on
oil volume fraction and binary droplet coalescence. The new model is combined with
a force balance method to predict the separation dynamics with an accuracy of 94.5
% (based on three validation simulations). The numerical simulation results showed
that an increase in oil volume fraction resulted in a decrease of the coalescence time of
oil droplets in the water phase. However, for water droplets in the oil phase system,
the coalescence time increases with the oil volume fraction. The validated simulation
results presented good match with the developed model to predict the coalescence
time.
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9.1.2 Conclusions of experimental study
Two models, batch separation model, and continuous separation model, were devel-
oped that can be tested at normal pressures and temperatures in order to validate or
calibrate the analytical and numerical models. The uncertainty of the measurements
of this experimental study was ±2.75%. The results of the experiments showed that
the inlet flow rate has a negative effect on the oil / water separation process. When
the initial oil volume fraction increases, the oil volume fraction in the water phase
increases for the first 2 minutes. However, it does not affect the total separation time.
9.1.3 Conclusions of CFD simulation study
In this thesis, multiphase flow modeling was developed, which applied ANSYS Flu-
ent (16.2) to simulate the dynamic fluid effects in a gravity separator. The grid-
independence study showed that an element size of 0.05 inches was the optimal size.
The simulation results were validated with experimental results under the same oper-
ating conditions for oil / water separation efficiency. Further, oil volume fractions and
the velocity vector distribution in the separator were investigated. Both of the results
showed that there is a mixing zone located at the entrance, which has a relatively
lower oil volume fraction and a higher velocity. Thus, the inlet velocity’s affect on the
mixing length had been investigated. The results showed that when inlet velocity is in
the region where the fluid in the separator is in the laminar regime, the mixing length
is less than 40 % of the total separator length. However, increasing the inlet velocity
until the fluid in the separator is in the transition zone, resulting in the mixing length
occupying 90 % of the total separator length.
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9.1.4 Conclusions of correlation development
A series of gravity-based, oil / water separation simulations were conducted to develop
a correlation to allow CFD results matched with the lab-scale experimental data, to be
scaled up to prototype behavior. The dimensional analysis was used to investigate the
relationship between separator geometric design and multiphase fluid density (ρm),
multiphase fluid viscosity (µm), fluid velocity (v), surface tension between two phases
(σo/w), and operating pressure (P ), by using a dimensionless analysis method. The
proposed CFD model was validated with experimental data based on our study. Then,
a parametric study was carried out using different values of inlet velocity, oil volume
fraction, temperature, pressure, and oil / water interfacial tension.
The simulation results reveal that oil volume has a complex effect on the separa-
tion process due to the different emulsion systems. Increased operating temperature
increases the droplet rising velocity, but it does not change the overall separation
efficiency. Operating pressure exerts a significant effect on the oil / water separation
process, and the time needed for oil to separate from the water phase increases with
the increase of pressure.
In addition, the results of the correlation presented in this work indicate that the
theoretical minimum length of the separator increases with the Re number, and the
Eu number; however, decreases with the We number. These correlation results are
consistent since an increase in the Re number, and Eu number decreases the separa-
tion efficiency. Therefore, it requires a larger separator to keep the same separation
efficiency. Conversely, when the We number is less than 3, a higher oil / water surface
tension leads to greater droplet collision efficiency, improving the separation efficiency,
and thus requires smaller separator geometry.
Finally, a new correlation (Eq. 8.2) has been developed among the four dimen-
sionless groups to predict the geometric design of separator.
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9.2 Contributions
This research provided valuable new insights into liquid / liquid separation. The
research included numerical predictions, new experimental data, correlation devel-
opment, and semi-analytical modeling. The developed CFD predictions and semi-
analytical model provided both macroscopic and microscopic understanding of the
liquid / liquid separation phenomenon. Compared with the previous CFD based
studies of multiphase flow, the current study provides detailed information about
oil / water separation process, and the thesis provides all details of developed CFD
models. The other significant accomplishments are as follows:
• In this study, the whole separator volume was modeled in numerical simulation,
which provided more accurate results compared with symmetrical geometry pro-
files that have been assumed in previous studies.
• A high accuracy simulation model was developed in this study, which can be
used to model other immiscible liquids separation in a wider range of operating
parameters. The accuracy of the simulation model was approved based on com-
paring the numerical simulation accuracy among various commercial software,
and different viscosity models.
• This study developed a semi-analytical model to improve the understanding of
the droplet coalescence process. The developed innovative coalescence model
can be used to predict liquid / liquid separation for immiscible liquids with
arbitrary volume fraction.
• The new correlation developed in this study can provide new insights into sep-
arator design for various operating conditions as well as new insights into the
operating conditions that will achieve high separation efficiencies.
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9.3 Recommendations for Future Work
The research results show that the CFD simulation method can provide an accurate
prediction for liquid / liquid separation processes, and the developed semi-analytical
model can be used to the optimization of the design of new separators. Recommen-
dations for future work are the following:
• In previous CFD studies, the one-factor-one-time method has been used to de-
sign separators. As noted, this method is not efficient. Thus, it is recommended
that the correlation developed in this research should be used for optimizing the
geometric design of a separator.
• Although the developed correlation predicted accurate results for gravity sep-
arator design, it is recommended that this correlation should be empirically
validated using different industry field fluids in the large-scale liquid / liquid
separators.
• Testing alternative liquid / liquid systems, increasing knowledge of the droplet
coalescence process, especially for fluids in the wider Re range, would be a
necessary precursor to validating the coalescence model, which is proposed in
this study.
• With expected development in CFD modeling technologies, separation condi-
tions involved subsea environment, such as high pressures, low temperatures
can be simulated, and the realistic separation performance of separator would
be studied.
• The binary coalescence model would be extended to model the binary bubble
coalescence process. Thus, for future study, gas bubbles separation from liquid
can be predicted with a binary bubble coalescence model. Therefore, the binary
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The two flow meters are used in this flow loop are provided by Omega with model
number FTB-956 Liquid Turbine Flowmeter. Model FTB-956 belongs to the OMEGA
FTB-950 Series turbine meters. This series of flow meters have male flared end fittings
for easy connections. They come with a mating 2-wire connection and are able to
provide 4 to 20 mA, or 0 to 5 V dc, or amplified pulse outputs. The accuracy of this
is ± 0.5 % rig. Repeatability is ± 0.05 %. The maximum pressure drop is 4 psi. The
properties of this flow meter are listed in table A.1.
In this section, in order to calibrate the flowmeter, it has to be connected with a
straight tube or pipe and a reference flow meter. Make sure the length of the inlet
tube is at least 10 times longer than the diameter of the flow meter. The length of
outlet tube has to be more than 5 times of the diameter of the flow meter.
For the reference flow meter, an FTB 692A-NPT flowmeter was used. The ad-
vantage of this flowmeter is, first of all, the local flow rate can be obtained directly
by the display chart. Second, this flow meter has a self-calibration system which can
be calibrated by just push the right button. For reading the signal, the flow meter
needs to be connected to a computer. Various flow rates need to be tested in order
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Table A.1: Table A.1 FTB-956 Flowmeter Properties
Range (water) GPM 4 - 60
Nominal K factor 500
Maximum operating pressure psi 4000
Temperature range ◦C -268 - 65
Length inch 3.25
Approx weight g 624
to get the calibration line. Flow rates are controlled by a valve from the inlet. The
calibration curve of a turbine flow meter 1 and two are shown in Figure A.1 and A.2.
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Figure A.1: Calibration curve for flowmeter 1
Figure A.2: Calibration curve for flowmeter 2
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Appendix B
Outline of ANSYS Fluent CFD
Simulation
ANSYS Fluent simulation is developed in workbench platform. The workbench plat-
form breaks simulation procedure into five parts: geometry, mesh, setup, solution,
and results.
Following the detail steps for each part.
• Geometry Geometry for the CFD simulation was created using ANSYS Design
Modeler. Both 2-D and 3-D geometry can be developed by Design Modeler.
Also, geometries, which are modeled in SOLIDWORKS and AutoCAD software,
are able to export in for future simulation.
• Mesh ANSYS meshing was used for performing meshing for the CFD simula-
tions. Initially the geometry domain is automeshed to give an overall indication
of the meshing requirements for the simulation. Both global and local meshing
are optional for user to choose to refine the mesh in critical areas. Global mesh
controls are used to make global adjustment in the meshing strategy, which
includes sizing function, inflation, smoothing, parameter inputs, et al., Local
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mesh controls are used to define the local mesh size, which includes edge sizing,
face sizing, and body sizing.
• Mesh quality several metrics define mesh quality, skewness and orthogonal
quality are two of the important values used to determine if a mesh is adequate.
Skewness values indicate how close an element or face is to the ideal, equilateral,
version of that shape. Skewness values range from 0 to 1, with 0 being the best
(equilateral), and 1 being the worst. Orthogonal quality is computed using
face normal vectors for each face, vectors from the cell centroid to each of the
faces, and vectors from the cell centroid to the centroids of each adjacent cell.
Orthogonal quality for three dimensional cells also ranges from 0 to 1, but for
this metric 0 is the worst, and 1 is the best quality cell.
• Physics Setup The fluid physical parameters, viscosity model, boundary con-
ditions, convergence conditions, solver selection, and time step selection are all
defined in here.
• Postprocessing It includes many tools for analyzing CFD restuls: Isosurfaces,
vector plots, contour plots, streamlines and pathlines, XY plotting and anima-
tion creation. Also, postprocessing is able to analyize results based on user-
defined memory through custom field functions.
153
Appendix C
Oil / water Separation Process
Plots for ANSYS Fluent
Simulation Results
The separation process is presented by oil volume fraction change with time. The color
red represents phase of oil phase. Time step t = 0.1s, 100s, 200s, 300s, 400s, 500s, 600s,
and 672s were selected in this section. As evidenced by figure C.1 to C.8, the separa-
tion process is visible and the oil volume fraction is clearly changing in the separator.
As shows by C.1Figure 8, at the beginning, oil-water multiphase are homogeneous
mixtures since the oil volume fraction is uniform over the separator, which is 0.202.
With the separation process continuing, the oil volume fraction is increasing at the
top layer, and it is decreasing at the bottom. The maximum oil volume fraction in the
separator at the selected time steps are 0.202, 0.403, 0.630, 0.676, 0.748, 0.883, 0.935,
and 0.944, respectively. Figure 8 also shows that not only the oil volume fraction
is increasing with time, also the separated oil volume is increasing over time. This
shows the dynamic separation process by using CFD simulation method.
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Figure C.1: Separation process plots at time = 0.1 sec
Figure C.2: Separation process plots at time = 100 sec
Figure C.3: Separation process plots at time = 200 sec
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Figure C.4: Separation process plots at time = 300 sec
Figure C.5: Separation process plots at time = 400 sec
Figure C.6: Separation process plots at time = 500 sec
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Figure C.7: Separation process plots at time = 600 sec
Figure C.8: Separation process plots at time = 672 sec
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Appendix D
Outline of Flow3D CFD Simulation
The procedure of setup Flow 3D model are briefly described in this section.
Create a CFD mesh of separator. Import the stl. file for the separator drawn by
Solidworks into the mesh. Set the simulation parameters. Run the simulation to get
the simulation process in the separator step by step in time. Use the GENERAL
HISTORY data source and GRAPHICAL output form under PROBE in ANA-
LYZE to get the separation efficiency of the oil/water multiphase flow.
Following the detail steps for the operation of Flow3D software.
• Click on the FLOW 3D icon to get to Navigator.
• Under Navigator create new workspace on desktop.
• Under Navigator create new simulation on desktop.
• Click on Model Setup to get its sub-menus.
• Under General set things like free surface.
• Under Physics activate things like GMO.
• Under Fluids load data for water.
158
• Under Mesh Setup create the mesh.
• Under Mesh Setup import body STL file.
• Scale and translate body to fit mesh.
• Under Boundaries set boundary types.
• Under Initial set things like speeds.
• Under Output set data spacing.
• Under Numerics click on one fluid with interface.
• Under Simulation click on run.
• Under Analyze click on 3D probe.
• Expand time and click on STL and Render.Click on animation
• Under Analyze click on Probe and then on General History and then on Graph-
ical Display,record RAO data.
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Appendix E
Oil / water Separation Process
Plots for FLOW-3D Simulation
Results
Both batch separation (E.1 to E.3 and steady stage separation process (?? to E.6)
are simulated by using FLOW-3D software. Figure E.4 to E.6 and Figure E.7 to E.9
shows the simulation results of steady state separation process by using laminar and
RNG turbulence model.
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Figure E.1: Batch Separation process plots at time = 0 sec
Figure E.2: Batch Separation process plots at time = 450 sec
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Figure E.3: Batch Separation process plots at time = 900 sec
Figure E.4: Steady-state Separation process plots at time = 0 sec
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Figure E.5: Steady-state Separation process plots at time = 450 sec
Figure E.6: Steady-state Separation process plots at time = 900 sec
163
Figure E.7: Steady-state Separation process plots at time = 0 sec
Figure E.8: Steady-state Separation process plots at time = 450 sec
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Figure E.9: Steady-state Separation process plots at time = 900 sec
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Appendix F
Outline of OpenFoam CFD
Simulation
OpenFoam is an open source CFD. A series of C++ functions are used to set up a
problem. Below each of these functions is identified and briefly described.
The functions are contained in 2 folders. These are system and constant. Many
functions contain Dict, which is an abbreviation of Dictionary, as part of their name.
The main functions in system are: controlDict, blockMeshDict, snappyHexMesh-
Dict, meshQualityDict, setFieldsDict, surfaceFeatureExtractDict, fvSchemes, fvSolu-
tion.
The main functions in constant are: transportProperties, turbulenceProperties,
motionProperties, g. The folder constant also contains a subfolder trisurface, which
contains the stl file for the problem geometry.
The initial conditions on variables are contained in folder 0.orig. The folder also
contains the initial state of the mixture: alpha.air, alpha.water, alpha.oil, epsilon, k,
nut, p-rgh, and U.
File controlDict identifies the problem type. It gives the start and end times of the
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simulation and the maximum allowable courant number of the simulation.
File blockMeshDict gives the dimensions of a block that intersects the geometry
and creates inlets and outlets for the system. It also identifies boundary types.
File snappyHexMeshDict develops the mesh for the simulation. Refinement levels
are set by the user.
File setFieldsDict sets the initial state of the domain.




Oil / water Separation Process
Plots for OpenFOAM Simulation
Results
OpenFOAM was used to investigate the same operating condition as the base case in
Fluent. A similar oil volume fraction pattern as the Fluent and Flow-3D is found in
OpenFoam, as shown in Figure G.4. After a 900 s residence time, most oil droplets
are separated from the water phase, and form an oil phase on the top layer. By 10 s,
the separation process has already started, however, there are still a small amount of
Figure G.1: Oil volume fraction, t = 0 s
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Figure G.2: Oil volume fraction, t = 10 s
Figure G.3: Oil volume fraction, t = 450 s
Figure G.4: Oil volume fraction, t = 900 s
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Figure G.5: Pressure distribution in the separator, t = 10 s
oil droplets left in the water phase (Figure G.2 to G.4).
The pressure distribution contour is presented in figure G.5. The bottom layer
of the separator is present with the maximum pressure because only the water phase
exists. The pressure decreases gradually with the increase in the vertical height. On
the top layer, the pressure is 0. In the simulation setup, the operation pressure was
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nu [0 2 -1 0 0 0 0] 1e-06;
rho [1 -3 0 0 0 0 0] 1000;
oil
transportModel Newtonian;
nu [0 2 -1 0 0 0 0] 1e-05;
rho [1 -3 0 0 0 0 0] 800;
air
transportModel Newtonian;
nu [0 2 -1 0 0 0 0] 1e-06;

















// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
dimensions [0 1 -1 0 0 0 0];





type fixedValue; value uniform (0.5 0 0); }
outlet
{

















// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //




































// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

































// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

































// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

































// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
defaultFieldValues
( volScalarFieldValue alpha.air 1
volScalarFieldValue alpha.water 0
volScalarFieldValue alpha.oil 0





box (0.0 -0.12 -0.19) (2.28 0.12 0.17);
fieldValues













// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //




// Geometry. Definition of all surfaces. All surfaces are of class
// searchableSurface.
// Surfaces are used
// - to specify refinement for any mesh cell intersecting it
// - to specify refinement for any mesh cell inside/outside/near








{ type wall; } }
};
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// If local number of cells is >= maxLocalCells on any processor switches from
from refinement followed by balancing (current method) to (weighted) balancing be-
fore refinement.
maxLocalCells 200000000;
// Overall cell limit (approximately). Refinement will stop immediately upon reach-
ing this number so a refinement level might not complete.
// Note that this is the number of cells before removing the part which is not ’visible’
from the keepPoint. The final number of cells might actually be a lot less.
maxGlobalCells 2000000000;
// The surface refinement loop might spend lots of iterations refining just a few cells.
This setting will cause refinement to stop if <= minimumRefine are selected for re-
finement. Note: it will at least do one iteration (unless the number of cells to refine
is 0)
minRefinementCells 0;
// Number of buffer layers between different levels.
// 1 means normal 2:1 refinement restriction, larger means slower refinement.
nCellsBetweenLevels 2;
// Explicit feature edge refinement
//
// Specifies a level for any cell intersected by its edges.
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// Surface based refinement
// Specifies two levels for every surface. The first is the minimum level, every cell
intersecting a surface gets refined up to the minimum level.
// The second level is the maximum level. Cells that ’see’ multiple intersections where
the intersections make an angle resolveFeatureAnglegetrefineduptothemaximumlevel.
refinementSurfaces
{
tank { // Surface-wise min and max refinement level level (1 2); }
}
// Feature angle:
// - used if min and max refinement level of a surface differ used if feature snapping
(see snapControls below) is used resolveFeatureAngle 30;
//- Optional increment (on top of max level) in small gaps gapLevelIncrement 2;
// Planar angle: used to determine if surface normals // are roughly the same or
opposite. Used
// - in proximity refinement // - to decide when to merge free-standing baffles
(if e.g. running in surfaceSimplify mode set this to 180 to merge all baffles) // - in
189
snapping to avoid snapping to nearest on ’wrong’ side of thin gap
// If not specified same as resolveFeatureAngle planarAngle 30;
// Region-wise refinement
//
// Specifies refinement level for cells in relation to a surface. One of three modes
// - distance. ’levels’ specifies per distance to the surface the wanted refinement level.
The distances need to be specified in descending order.
// - inside. ’levels’ is only one entry and only the level is used. All cells inside the
surface get refined up to the level. The surface needs to be closed for this to be pos-
sible.




// After refinement patches get added for all refinementSurfaces and all cells in-
tersecting the surfaces get put into these patches. The section reachable from the
locationInMesh is kept.
// NOTE: This point should never be on a face, always inside a cell, even after re-
finement.
locationInMesh (1.0 0.0 0.0);
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// Whether any faceZones (as specified in the refinementSurfaces) are only on the
boundary of corresponding cellZones or also allow free-standing zone faces. Not used
if there are no faceZones.
allowFreeStandingZoneFaces false; //true;
}
// Settings for the snapping.
snapControls
{ //- Number of patch smoothing iterations before finding correspondence to surface
nSmoothPatch 5;
// Number of smoothing of internal points on refinement interfaces
nSmoothInternal $nSmoothPatch;
//- Relative distance for points to be attracted by surface feature point or edge.
True distance is this factor times local maximum edge length.
tolerance 2.0;
//- Number of mesh displacement relaxation iterations. nSolveIter 30;
//- Maximum number of snapping relaxation iterations. Should stop before upon
reaching a correct mesh.
nRelaxIter 5;
// Feature snapping
//- Number of feature edge snapping iterations.
// Leave out altogether to disable.
191
nFeatureSnapIter 10;
//- Detect (geometric only) features by sampling the surface
// (default=false).
implicitFeatureSnap false;
//- Use castellatedMeshControls::features (default = true)
explicitFeatureSnap true;
//- Detect points on multiple surfaces (only for explicitFeatureSnap)
multiRegionFeatureSnap true;//false;
//-When to run face spliting ( never at first iteration, always at last iteration
// Is interval. Deafault -1 (disabled)
// Recommendation: set to half the number of feature snap iterations
nFcaeSplitInterval 10;
}
// Settings for the layer addition.
addLayersControls
{
// Are the thickness parameters below relative to the undistorted size of the refined
cell outside layer (true) or absolute sizes (false).
relativeSizes false;
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// Per final patch (so not geometry!) the layer information layers { }
// Expansion factor for layer mesh
expansionRatio 1.2;
// Wanted thickness of final added cell layer. If multiple layers is the thickness of
the layer furthest away from the wall.
// Relative to undistorted size of cell outside layer.
// See relativeSizes parameter.
firstLayerThickness 0.00357;
// Minimum thickness of cell layer. If for any reason layer cannot be above
minThickness do not add layer.
// See relativeSizes parameter.
minThickness 0.00357;
// If points get not extruded do nGrow layers of connected faces that are also not
grown. This helps convergence of the layer addition process close to features.
// Note: changed(corrected) w.r.t 17x! (didn’t do anything in 17x)
nGrow 0;
// Advanced settings
// Static analysis of starting mesh




// When to merge patch faces. Default is featureAngle. Useful when featureAngle
is large.
//mergePatchFacesAngle 45;
// Stop layer growth on highly warped cells
maxFaceThicknessRatio 100;
// Patch displacement
// Number of smoothing iterations of surface normals nSmoothSurfaceNormals 10;
// Smooth layer thickness over surface patches nSmoothThickness 150;
// Do not extrude around sharp edge if not both faces are extruded.
// Default is 0.5*featureAngle. Set to -180 always attempt extrusion
layerTerminationAngle 60;
// Medial axis analysis (for use with default displacementMedialAxis)
// Angle used to pick up medial axis points
// Note: changed(corrected) w.r.t 17x! 90 degrees corresponds to 130
// in 17x.
minMedialAxisAngle 90;
// Reduce layer growth where ratio thickness to medial distance is large
maxThicknessToMedialRatio 100; //0.3;
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// Number of smoothing iterations of interior mesh movement direction
nSmoothNormals 3;
// Optional: limit the number of steps walking away from the surface.
// Default is unlimited.
nMedialAxisIter 10;
// Optional: smooth displacement after medial axis determination.
// default is 0.
nSmoothDisplacement 90;
// (wip)Optional: do not extrude any point where (false) : all surrounding faces
are not fully extruded
// (true) : all surrounding points are not extruded // Default is false.
//detectExtrusionIsland true;
// Optional: at non-patched sides allow mesh to slip if extrusion
// direction makes angle larger than slipFeatureAngle. Default is
// 0.5*featureAngle.
slipFeatureAngle 30;
// Maximum number of snapping relaxation iterations. Should stop
// before upon reaching a correct mesh.
nRelaxIter 5;
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/* // Mesh shrinking
// Select the solver-based mesh shrinking method meshShrinker displacement-
MotionSolver;
// Select the Laplacian method solver displacementLaplacian;
// Settings for the Laplacian method
displacementLaplacianCoeffs





// Create buffer region for new layer terminations, i.e. gradually
// step down number of layers. Set to <0 to terminate layer in one go.
nBufferCellsNoExtrude 0;
// Overall max number of layer addition iterations. The mesher will exit if it reaches
this number of iterations; possibly with an illegal mesh.
nLayerIter 50;
// Max number of iterations after which relaxed meshQuality controls get used. Up
to nRelaxedIter it uses the settings in
// meshQualityControls,
// after nRelaxedIter it uses the values in meshQualityControls::relaxed.
nRelaxedIter 50;
// Additional reporting: if there are just a few faces where there are mesh errors
196
(after adding the layers) print their face centres.
// This helps in tracking down problematic mesh areas.
//additionalReporting true;
}





// Optional : some meshing phases allow usage of relaxed rules.
// See e.g. addLayersControls::nRelaxedIter.
relaxed
{ // Maximum non-orthogonality allowed. Set to 180 to disable.
maxNonOrtho 75; }
// Advanced
// Number of error distribution iterations nSmoothScale 4;








// scalarLevels // write volScalarField with cellLevel for postprocessing
// layerSets // write cellSets, faceSets of faces in layer
// layerFields // write volScalarField for layer coverage
);
// Merge tolerance. Is fraction of overall bounding box of initial mesh.
// Note: the write tolerance needs to be higher than this. mergeTolerance 1e-5;
// ********************************************************** //
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